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ABSTRACT
The coordination and structural chemistry of complexes 
of Groups (IVA) , (IVB) and (VB) halides with neutral (S)-donor 
ligands has been investigated.
The N,N'-disubstituted dithiooxamides RHN (C (S) C (S)NHR 
(R = CH3, -C2H5, i-C3H7, n-C/jHg, -CgHj j, -CH2-C6H5) and 
dithiomalonamides RHNC (S)CH2C (S)NHR (R = -CH3, -C2H5, n-C3H 7 , 
n-C4H9) act as (S,S)-donors towards MX3 (M = Sb, Bi, X = Cl, Br) 
and MX4 (M = Ti, Sn, X = Cl, Br) to form adducts with the following 
stoichiometries: with L = dithiooxamide ligand, we have SbC^.Li^, 
SbBr3.L1.5i BiCl3.L2, SnClij.L, SnBr,}.!,, and TiCl4-L, while with 
L'= dithiomalonamide ligand, we have SI3CI3.L' and SnCl4.L'.
Uncomplexed dithiooxamide ligands are (S,S)-trans as shown by the 
crystal structures of two examples: EtNHC(S)C(S)NHEt and 
Pri-NHC (S)C(S)NHPr1.
The crystal structures of the complexes SbCl3 (EtNHC (S)C (S) - 
NHEt)j _5 and SbCl3(PriNHC (S)C (S)NHPri)!.5 show the ligands in an 
(S,S)-bridging bonding mode while the crystal structures of 
BiCl3 (EtNHC (S) C (S) NHEt) 2' SnBr4 (ButnNHC (S) C (S) NHButn) , and 
SbCl3(EtNHC(S)CH2C(S)NHEt) show the (S,S)-chelate bonding mode.
No evidence was found for the stereochemical involvement of the lone 
pair of electrons associated with M(III) in the structures of 
Sbci3 (EtNHC (S)C(S) NHEt) 5, SbCl3 (Pri-NHC (S)C (S) NHPr1) j . 5 and 
BiCl3(EtNHC(S)C (S)NHEt)2 • However, evidence for stereochemical 
activity of the lone pair was observed in SbCl3 (EtNHC (S)CH2C (S)NHEt) 
as shown in its crystal structure. Recrystallisation of 
SnCl4(EtNHC(S)CH2C(S)NHEt) from benzene gave an unexpected 
•cyclisation' product [EtNHC (S)CHC(S)NHEt][SnCl6] . A plausible 
reaction scheme is presented.
The N,N'-disubstituted oxamide RHNC (O)C (O)NHR (R =
-CH3, -C2H5, W-C3H7, n-C4Hg, t-C4Hg, -CgHn) and malonamides 
RHNC (0)CH2C(0)NHR (R = -CH3, -C2H5, N-C3H7, W-C4Hg, t-C4Hg, -C^Hu) 
act as (0 ,0 )-donors towards SbCl3 and SnCl4.
Toluene-3,4-dithiol (td) reacts with MCI3 (M = As, Sb, Bi) 
with the expulsion of HC1 to give 1:1 M(td)Cl complexes. The crystal 
structure of As(td)Cl shows three coordinate metal centres with 
the ligand acting as an (S ,S)-chelate and a stereochemically active 
lone pair taking up one of the tetrahedral positions on the As. 
Toluene-3,4-dithlol also reacts with SIDCI3 and BiCl3 to give 
Sb(td)2 and Bi(td)2~ respectively. In the bismuth complex we have 
complete loss of all -SH protons on td to give the ionic species 
Bi(td)2~ while in the antimony complex one of the -S-H protons is 
retained as evidenced by i.r. and (H n.m.r. data. Attempts to 
abstract this proton with base resulted in the oxidation of Sb(III) 
to form a 1:3 Sb:td ionic complex featuring Sb(V). The crystal 
structure of this complex has been determined and it shows Sb(td)3 
as a trie chelate with a distorted octahedral environment around 
the antimony.
Reactions of d- and ¿-penicillamine and dimercaptosuccinic 
acid (DMSA) with SbCl3, NaAsC>2 and a 'naked' Sb3+ solvate have been 
briefly studied in an effort to prepare (S)- and (0 )-donor complexes 
with possible chemotherapeutic potential. Octahedral structures 
involving (S,N,0)-donors in the case of penicillamine, and (S,0 )- 
donors in the case of DMSA are proposed.
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CHAPTER 1
INTRODUCTION
CHAPTER 1
INTRODUCTION
This work is mainly concerned with the general 
Lewis acid behaviour of the M(III) series As, Sb, and Bi 
(principally the halides) and their reactions with various 
donor systems. This coordination behaviour of Group (VB) 
elements is silhouetted against that of Group (IVA) and 
Group (IVB) by making direct comparisons with the 
analogous systems of Ti(IV) and Sn(IV) respectively. For 
simplicity the chlorides and in some cases the bromides 
of Ti(IV) and Sn(IV) are considered as representative 
members of their respective groups.
One important facet of antimony chemistry 
concerns the use of antimony(III) complexes in the control 
of Bilharzia (Schistosomiasis). Interest in Bilharzia 
arises from a collaboration with Professor S. O. Wandiga 
of the University of Nairobi. Bilharzia remains a major 
disease in developing countries with a wet warm climate. 
The precise number of infected persons throughout the 
world is difficult to monitor but the figure could be 
as high as 300 million.
Bilharzia is caused by a blood fluke worm that 
lives in the abdominal veins where it causes damage to 
the liver, spleen, walls of the intestinal tract and 
the circulatory system. It is extremely difficult to 
combat especially in those areas of the world where 
sanitation levels and conditions are somewhat primitive.
2Symptoms may include a prickly skin rash, diarrhoea, 
abdominal pains, dizziness, headaches and loss of 
appetite. In critical stages the central nervous system 
becomes involved producing neurological symptoms.
Schistosoma means split body and refers to 
the deep ventral groove in the body of the parasite 
with which the male enfolds the female during copulation 
and throughout the long periods of oviposition. In the 
egg laying process, the paired worms which are usually 
located in the pelvic and abdominal veins proceed down 
to the terminal venules where the female lays her eggs 
without leaving the gyneacophoral canal of the male.
These eggs lodge in the liver, spleen or they pass 
through wall tissue and penetrate into the bladder and 
intestines. Those that are entrapped locally pass into 
faeces and urine to ultimately reach the exterior of 
the body. Once outside, the eggs are ready to hatch when 
they reach fresh water.
Once hatched, the larvae attack a suitable 
mollusc by burrowing through its soft underbelly, if 
unsuccessful in this endeavour, they die within 24 hours. 
Inside this snail, further changes occur which result 
in a second larvae-type cercaria. When mature, the cercaria 
emerge from the host snail and are ready to penetrate into 
a human host either through the skin (which may take about 
10 minutes) or by ingestion (drinking water). Again, 
those that are unsuccessful die within 48 hours. Once 
in the human host, passage through the tissues takes 
about 24 hours to reach a venule from which it is carried
by venous circulation to the heart where they can 
circulate to all parts of the body. Those which survive 
to reach the arteries of abdominal viscera and are able 
to reach the mesenteric veins commence their real development 
and will ultimately reach maturity.
Antimony compounds have dominated the scene in the 
treatment of schistosomiasis and Leishmaniasis for over 
fifty years despite their toxic side effects and the fact 
that the drug is unpleasant and has to be administered over 
quite lengthy periods (4-6 weeks). There is now evidence 
that modification of the functional groups which bind 
Sb(III) will go a long way towards reducing or better still 
eliminating the toxic side effects of antimonals. In 
general, the toxicity of drugs containing antimony bound 
to sulphur is much less than that of drugs in which the 
antimony is bound to oxygen. To augment that, it has been 
reported1 that addition of penicillamine (3,3-dimethyl- 
cysteine) to tartar emetic (potassium bis tartrato- 
diantimonate(III)) produces a dramatic decrease in toxicity 
with no loss in effectiveness. Alternative antimonal 
compounds which possess the same therapeutic efficiency 
but with much reduced toxicity levels must be found.
Our contribution here is three-fold:
(a) To prepare further antimony compounds with 
Sb-A bonds (A = O, N, S) especially those 
with Sb-S bonds that may be potential 
schistosomides.
(b) To carry out a full spectroscopic (i.r., 1H 
n.m.r.) and X-ray structural characterisation 
of these new compounds.
(c) To investigate the coordination and reactivity
properties of M(III) systems especially the 
stereochemical activity or otherwise of the 
lone pair of electrons associated with each 
metal ion.
Such is the diversity of the systems investigated 
that a detailed review of each is inappropriate here.
Rather each chapter will have a short introduction of 
its own giving the relevant background. In this first 
chapter we include a broad discussion of the underlying 
principles on which coordination chemistry is built.
1.1 A SUMMARY OF THE BONDING THEORIES IN
COORDINATION COMPLEXES
The three main bonding theories are: the 
valence bond (V.B.) approximation, the crystal-field 
theory (C.F.T.), and the molecular orbital (M.O.) theory.
2(a) Valence Bond Theory
According to V.B. a Lewis acid (in most cases 
metal or metal ion) reacts with a Lewis base (ligand) 
forming a coordinate covalent (or dative) bond between 
the ligand and the metal. The bond formed is treated 
as a pairing of electron spins and the maximum overlapping 
of atomic orbitals containing these electrons to give 
a region of common electron density to the two atoms 
involved. In coordination compounds the orbitals 
should be of suitable energy and symmetry. The strongest
4
5bonds are formed when maximum interaction of electron 
density is effected. Bond formation may involve more 
than one orbital from each atom (hybridisation). The 
hybrid orbitals are formed by the mixing of atomic 
orbitals and they have characteristic directions in space 
depending on the metal coordination number (C.N.).
For C.N. = 2 the stereochemistry is linear, for C.N. = 3, 
trigonal planar; C.N. = 4 could be either square planar 
or tetrahedral C.N. = 5 is trigonal bipyramidal and 
C.N. = 6 is octahedral.
3(b) Crystal Field Theory
between the ligand and the metal is purely electrostatic 
(ionic). The five d-orbitals in an isolated gaseous 
metal ion are degenerate and an appreciation of their 
spatial arrangement is necessary viz.:
Crystal field theory assumes that interaction
Z
X
z z
For the formation of an MLg complex, if all the six ligands 
approach the metal along the axes, x, y, z, the d orbitals 
directed towards the ligands will be raised in energy as 
a result of the negative electrons of the orbitals and 
the negative field generated by the ligands. The energy 
of the orbitals not directed towards the ligands will also 
increase but not as much as the others, hence the degeneracy 
will be split.
Splitting for fields of other symmetries can be similarly 
derived. s- and p-orbitals are also affected by 
approaching ligands but these effects are much less 
important in C.F.T. terms.
xy,xz,yz
Gaseous
ion
Spherical
field
Octahedral
field
(c) 4Molecular Orbital Theory
The molecular orbital theory takes into
consideration all the electrons of the combined atoms 
and considers them to be jointly held together by the
7molecule in a set of polynuclear molecular orbitals. 
Approximations concerning the form of the wave function 
for molecular orbitals are made by using linear combinations 
of atomic orbitals. A combination of two atomic orbitals 
results in the formation of two molecular orbitals, their 
difference in energy is related to the effective overlap 
between the two atomic orbitals.
4»A
ip (antibonding orbital)
(bonding orbital)
The common types of atomic orbital overlap are 
diagramatically presented below.
Sigma (  o !
Q D s.s
O D O »•p
O O D O p.p
d.d
COO dt.  o jD
Pi ( n) Delta (6
SB p.p 35 -.,3?
d.d ¿f'
8^ P.d
dr. X ' S©«
d™ ^ 6 ■
The o valence orbitals of the ligand will vary from ligand 
to ligand but they are normally composed of s and o orbitals 
hence they will be lower in energy than the metal valence 
orbitals.
8The Valence Shell Electron Pair Repulsion Model (VSEPR)
This theory is sometimes called the Sidgwick-
Powell— Gillespie-Nyholm Theory in honour of those who
5initiated the work . It aims at predicting molecular 
structure and suggesting explanations for the observed 
structures. The predictions are not valid for transition 
metal systems with d-orbitals. The model is presented 
as a set of rules. It should be kept in mind that in 
different molecules, different energy factors will be 
responsible in varying degrees for the structure of 
the resulting molecule, hence the rules must be treated 
with necessary caution.
Rule 1
Pairs of electrons in a valence shell adopt 
that arrangement which maximises their distance apart, 
i.e. electron pairs behave as if they repel one another. 
Two important considerations to note;
(a) Electron pairs occupy some definite volume 
in space and once they do, they repel all 
other electrons from it.
(b) Pairs in the same valence shell have to 
adopt arrangements that maximise their 
distances apart.
Rule 2
A non-bonding pair of electrons takes up 
more room on the surface of an atom than a bonding pair.
9Rule 3
The size of a bonding electron pair decreases 
with increasing electronegativity of the ligand.
Rule 4
The two electron pairs of a double bond or the 
three electron pairs of a triple bond take up more room 
than does the one electron pair of a single bond.
Rule 1 can be used to provide the idealised 
orientations of electron pairs about an atom. The 
electron pairs are assumed to have equal stereochemical 
significance.
Table 1 Idealised orientations of electron pairs 
about an atom
Number of 
Electron Pairs Idealised Structure of Electron pairs
2 linear
3 trigonal plane
4 tetrahedron
5 trigonal bipyramid
6 octahedron
7 pentagonal bipyramid
* capped octahedron
* capped trigonal prism
10
If all electrons from the central atom form
equivalent bonding pairs, then the observed geometries 
are in excellent agreement with the idealised structure. 
The following examples serve as an illustration:
pair is under the attraction of only one nucleus while 
bonding pairs experience attraction from two nuclei; 
the lone pair also represents the charge of two electrons 
near the core of the atom while the bonding pair represents 
one electron hence the order of repulsion between electron 
pairs is:
lone pair - lone pair >> lone pair - bond pair > bond pair - bond pair.
H----Be---- H
Linear
two sp o-bonds
Trigonal planar 
three sp^ o-bonds Tetrahedral 
four sp3 o-bonds
F F
Trigonal 
bipyramidal 
five sp3d 
o-bonds
Octahedral 
six sp3d2 
o-bonds
Pentagonal 
bipyramid 
seven sp3d3 
o-bonds
For molecules with a lone pair, the lone
/
11
For Four Electron Pairs
Consider a central atom with four equivalent 
electron pairs tetrahedrally arranged around the atom 
as predicted by Rule 1. If a proton interacts with one 
of them, that pair will be polarised between the proton 
and the atom, e.g. F + H — ► HF.
a
H
This is an ABE^ system. 
If the interaction involves two protons:
O2“ + 2H+—  H20
0
~i\M H
a b2e 2
3— 4-This approach can be extended to N and C to provide
NH3 and CH^
0
107* M lOtf
ABjE AB,
11
For Four Electron Pairs
Consider a central atom with four equivalent 
electron pairs tetrahedrally arranged around the atom 
as predicted by Rule 1. If a proton interacts with one 
of them, that pair will be polarised between the proton 
and the atom, e.g. F + H * HF.
This is an ABE3 system. 
If the interaction involves two protons:
O2" + 2H+— ► H20
0&CP l\H X
AB2E2
This approach can be extended to N3- and C4- to provide
NH3 and CH4
H
10
M | 107* H 
M
I
H
AB4ABjE '
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similar and they readily inter-convert (trigonal 
bipyramidal * square pyramidal).
For Six Electron Pairs
Octahedral geometry is expected for equivalent 
pairs. A single lone pair may take up one of the 
octahedral positions as in TeF^ .
For two lone pairs, there is the question of whether the 
lone pairs occupy 'cia' or 1trans' positions. In the 
structure of ICl^ , they are trans.
For Seven Electron Pairs
There are three possible structures viz.
pentagonal bipyramid, capped octahedron and capped
trigonal prism, which are all very similar energetically.
The structures of IF^ and ReF^® are pentagonal bipyramid
while that of the NbF72 
7trigonal prism :
F
ion in KjNbF^ is a capped
Considering XeFg as an ABgE system, the basic octahedron
Qis distorted by the presence of a lone pair which may 
operate through the centre of one of the faces (C3v 
distortion) or through one of the edges (C-,v distortion) .
There is no uniquely favoured geometrical arrangement, 
the system is stereochemically non-rigid. Stereochemical 
non-rigidity is operative in systems with fewer than six 
electron pairs but it becomes even more so in systems 
with more than six electron pairs.
Classification of Donor and Acceptor Atoms
A wide variety of complexes are formed by direct 
reactions between simple molecules or ions and ligands.
This makes it desirable to have some form of classification 
whereby the relative reactivities of such compounds may 
be predicted.
Historically, the first attempt at such a
9classification was made by G N Lewis . According to 
Lewis an acid molecule or ion is one in which the normal 
electron grouping surrounding some atom is incomplete 
and thus the molecule or ion can accept an electron 
pair from some other atom. A base, on the other hand 
has an electron pair which it can share with an acid.
15
Thus, a Lewis acid is an electron acceptor and a Lewis 
base an electron donor.
All metal ions may act as Lewis acids; ligands 
therefore become part of a more general term, Lewis bare. 
Because of its simplicity and wide applicability,
Lewis's definition of the acid and base and the concept 
of the electron pair bond has had a strong impact through­
out all chemistry. Much as that may be, the theory has 
certain limitations. One notable deficiency lies in 
Lewis's definition of the relative nature of acidity 
and basicity, e.g. a compound can act as both Lewis acid 
and Lewis base in two different conditions. The commonly 
quoted example is ethylacetate which will accept OH 
to its carbonyl group thus acting as a Lewis acid and 
can also act as a Lewis base by 'complexing' with a 
proton via an oxygen donor site. This vaguary may be 
compared with one of the limitations of the Lowry-Br^nsted 
definition of acids and bases1®. In this case an acid 
is a substance that has a tendency to release a proton 
and a base is characterised by its tendency to accept 
a proton. Once again, both the relative acidity and 
borderline cases are hard to define.
Water is capable of acting as a proton donor 
towards ammonia
H.,0 + N H ,  * N H . + + 0H~2 3 4
and as a proton acceptor towards substances like acetic 
acid
h3c .cooh + h2o * h3o+ + ch3.coo"
16
We can also have autoionisation
HzO + H20 t H30+ + OH-
In 1939, a Russian chemist, Usanovich11,
proposed an all embracing definition of acids and bases.
He described an acid as any chemical species which reacts
with bases, gives up cations or accepts anions or
electrons; likewise a base is any chemical species
which reacts with acids, gives up anions or electrons,
or combines with cations.
1 2Bjerrum in his study of the reactions between
metal ions and halide ions, observed that metal ions can
be grouped into two categories; those which favour small
unpolarisable bases such as fluoride and those which
favour large polarisable bases such as iodide. These
categories were labelled as class (A) acceptors and
13class (B) acceptors respectively by Swarzenbach who
carried out further studies in this field. A slightly
different method of classification was introduced by
14Ahrland, Chatt and Davies , viz., class (a) acceptors are 
those which form more stable complexes with ligands 
whose donor atoms are first row elements (N, 0, and F) 
while class (b) acceptors are those that prefer to 
bond to ligands with second row elements as donor 
atoms (P, S and Cl).
17
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For ligand atoms, the relative coordinating 
affinities are represented by the stability series for 
class (a) and class (b) acids (acceptors).
Class (a) Class (b)
N >> P > As > Sb > Bi N < < P > As > Sb > Bi
0 >> S > Se > Te O << S -v. Se ~ Te
F > > Cl > Br > I F < Cl < Br << I
Since classification into class (a) or 
class (b) is derived in the main from free energy data 
for metal ligand interactions, it has limitations. An 
improvement of the classification was necessary to cover 
a wide range of acids and bases including many examples 
from organic chemistry. The search for a better system 
led to the terminology "hard" and "soft" acids and 
bases1 . This classification was based on both 
thermodynamic and kinetic data. The new terms 'hard' 
and 'soft' arise from considering the general properties 
of the acids and bases concerned. Donors (bases) 
having high electronegativity, low polarisability, and 
high resistance to oxidation are described as hard 
while donors having low electronegativity, high 
polarisability and which are readily oxidised are 
described as soft. The acids are then classified simply 
according to whether they prefer hard or soft bases. 
Thus, the principle of hard and soft acids and bases 
(HSAB) classifies species by stating that hard acids
19
prefer to associate with and readily react with hard 
bases and similarly for soft acids and soft bases. In 
his later papers, Pearson1^  tried to quantify the HSAB 
principle and tried to establish a series of the 
relative hardness or softness of an acid base. However, 
the HSAB is best treated as a qualitative rather than a 
quantitative theory.
An attempt to explain acid-base interactions 
using a molecular orbital approach has been introduced 
by Klopman et al.^ with considerable success. According 
to Klopman,the initial change in the energy (AE) of the 
system upon an early stage of complex formation may be 
approximated by the following equation:
2 £ I mB nA (Em* - O
where qA and q„ = total net charge densities at the
acceptor and donor atoms respectively
rAB = the distance between donor and
acceptor atoms
e = dielectric constant of the solventc
CBm = coefficient of the donor orbital m at
the donor atom
C.n = coefficient of the acceptor orbital
n at the acceptor atom
BftB = resonance integral between the donor
and acceptor atoms at distance r^g
*E = energy of the donor orbital m in the
m field of acid A corrected for any
solvation or desolvation accompanying 
the removal of an electron from the 
orbital
E = energy of the acceptor orbital n in the
n field of base B corrected for any solvation
or desolvation accompanying the addition 
of an electron to the orbital
20
£
mB
= summation over all the occupied 
orbitals m of species B
£nA = summation over all the occupied orbitals n of species A
For a strong interaction AE should be large and negative.
In this equation, the first term is clearly electrostatic 
and is dependent on the net charge densities and distance 
between donor and acceptor atoms as well as the dielectric 
constant of the intervening medium. The second term 
represents the covalent interaction which depends on the 
overlap, symmetry and energies of the donor and acceptor 
orbitals (m and n) as modified by the solvent in which 
the reaction is occurring. The two terms are essentially 
independent as the first term is influenced by properties 
independent of those which influence the second term. 
Obviously, one should expect a strong interaction to be 
brought about between acids that have large net positive 
charge densities at their acceptor sites and bases that 
have large negative charge densities at their donor sites, 
thus maximising the first term. Alternatively, the corres­
ponding donor and acceptor orbitals should have the 
appropriate symmetries to ensure good overlap and thus 
maximise the second term. With this in mind, Klopman has 
suggested that donor-acceptor interactions can be 
subdivided into 'charge controlled' (dominated by the 
first term) and 'orbital controlled' (dominated by the 
second term). It is worth noting that the donor orbital 
on the base is usually the highest occupied molecular 
orbital (HOMO) and the acceptor orbital is the lowest
21
unoccupied molecular orbital (LUMO). For metal ligand 
interactions, metal orbitals are generally higher than 
ligand orbitals. For an acid (A) with a high net 
positive charge density at its acceptor atom and a high 
lying LUMO, its interaction with a series of bases will 
be charge controlled and the apparent base strength 
order established corresponds to the order of net negative 
charge (electron) density of the donor atoms of those 
bases. In contrast, for an acid (B) with a low net 
positive charge density at its acceptor atom and a 
low lying LUMO, such an interaction will be orbital 
controlled and the apparent base strength order 
corresponds to the order of HOMO energies of the bases.
The acids A and B correspond to hard and soft respectively.
Ambidentate Behaviour in Ligands
With the exception of NO2 and CN , ambidentate
ligands possess one donor atom from the second row of
the periodic table and one from the third row. Bonding
through either site will depend on the kind of metal ion
acceptor. As an example, the ligand SCN forms its
most stable complex with Pd(II), a class (b) ion, through
the S atom in [Pd(SCN)4J2~. With Cd(II), an ion classed
as being on the border between class (a) and class (b),
N- and S-bonded ligands are observed while the class (a)
metal ion Co(III) form the N-bonded complex ion 
2 +[Co (NH3)5n c s]
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Effect of a Ligand on the further Coordinating 
Ability of the Metal (Symbiosis and Antisymbiosis)
Some of the factors which influence the 
acceptor properties of the metal stem from steric and 
electronic effects of the other ligands already attached 
to the metal. For example, in contrast with the N-bonded 
complex [Co(NH3)5NCS]2+ (I) the analogous complex 
[Co(CN)5SCN]3" (II) is S-bonded.
c r c iN| s1
H3N-  ¿o^ H3
h3n^  | "nh3
NC | CN
^ CoCNC^ 1 C^N
NH3 . 1CN
I II
Interestingly, both bonding modes are observed in 
[Pd(Ph2PC3H6NMe2) (SCN) (NCS)] (III)
h 3c v
h 3c<
/V.
Ph
Ph
h i
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The concept of chemical symbiosis was first
introduced by Jorgensen17 and is best illustrated by
2 +some cobalt (III) complexes. [Co(NH3>5X] is more 
stable for X = F than I showing hard acid characteristics 
whereas [Co(CN)gX]3 is more stable for X = I and the 
complex with X = F is not known. Jorgensen characterised 
this as symbiosis. In symbiosis, hard bases (electro­
negative donor atoms) retain their valence electrons when 
coordinated to a given acid (which is bound to be hard), 
hence the positive charge on the acid is unaffected and 
the acid remains hard. In contrast, soft bases (donor 
atoms of low electronegativity tend to give up a 
considerable amount of their valence electrons to the 
acid, so reducing the positive charge and making it 
a softer Lewis acid. So, in a stepwise formation of a 
complex ABn, if the initial interaction of B and A 
results in a complex AB whose outer orbitals represent a 
species with hard rather than soft characteristics, further 
addition of hard rather than soft bases is favoured. On 
the other hand if a stepwise formation of ABn involves 
a gradual reduction of the hard character due to charge 
donation by the soft bases then further coordination of 
similar soft bases will be facilitated.
Although the behaviour of many metal ions is
in accord with symbiosis, many class (b) or soft metal
18ions behave in an antisymbiotic manner . A soft base 
coordinated to a soft Lewis acid sometimes lowers the 
affinity of the 'trans' site to the point of exclusion of 
other soft bases. Antisymbiosis arises because two
24
mutually trans soft bases compete with each other for
the same metal orbitals thus it does not matter whether
they are purely o-donors or o-donors and ^-acceptors. Davies 
19and Hartley have pointed out that since antisymbiosis 
operates through the metal orbitals, the interactions should 
be orbital controlled, this antisymbiotic effect should 
therefore be more important with soft acids. Antisymbiosis is 
well illustrated by the palladium complex with
(DMSO) in which two sulphur and two oxygen bonded DMSO
. 20 ligands are in a cis configuration
m e
me'
Antisymbiosis predicts this cis arrangement as a
consequence of the factors responsible for the trans
influence. Each sulphur is bonded trans to the oxygen.
Likewise in the thiocyanate complex of palladium(II) with
diphenylphosphine-3-dimethylamino propane,
[Pd(Ph2P(CH2)3NMe2) (SCN) (NCS)] (III) antisymbiosis is
illustrated by the fact that the hard N-bonded thiocyanate
is trans to the softer P while the soft S-bonded thiocyanate
21is tran8 to the harder N of the bidentate ligand 
22Chelate Effect
When unidentate ligands are replaced by 
chelating ligands in a substitution reaction, the
25
product formed having the same number of donor atoms, will
be more stable than the complex with unidentate ligands.
This phenomenon known as the chelate effect has been
2 +known for a long time. For example, [Ni(en)3] is more 
stable than [Ni(NH3)g]2 + although the number of nitrogen 
atoms present is the same for each species. It is thus 
expected that the following reaction is favourable.
[Ni(NH3)g]2+ + 3en * [Ni(en>3]2+ + 6NH3
Both entropy and enthalpy contribute to the extra stability 
of the chelate complex but the former appears to make the 
major contribution. The substitution reaction leads to 
an increase in the number of free molecules which in turn 
increases the randomness of the system and consequently 
there is an increase in entropy. The relation between 
entropy and stability can be seen more clearly by 
referring to the following equations :
AG® = AH® -  TA S®  . AG® = - |R T ln K ® |
0
I n  s u m m a ry ,  a p o s i t i v e  c o n t r i b u t i o n  o f  e n t r o p y  (AS )
r e s u l t s  i n  a n e g a t i v e  c o n t r i b u t i o n  t o  t h e  f r e e  e n e r g y  
0
(AG ) a n d  h e n c e  a p o s i t i v e  c o n t r i b u t i o n  t o  t h e  e q u i l i b r i u m  
0
c o n s t a n t  (K ) .
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Macrocyclic Effect
The kinetic and thermodynamic stability of an 
M (II) complex formed with a 14-membered cyclic tetramine 
ligand is considerably greater than that formed by the 
same metal and an open chain tetramine ligand.
is 10^ and 10^ 
more stable than
for M = C u (II)
and Ni(II)
respectively
23Margerum and coworkers have termed this the macrocyclic 
effect. This effect is characterised by slow rates of 
formation and usually large stability constants of 
macrocyclic complexes compared with corresponding open 
chain ligands. This phenomenon is best summarised as 
all the properties that cause enhanced stability of the 
macrocyclic complex. As with the chelate effect, both 
entropy and enthalpy considerations are important in the 
explanation of the macrocyclic effect. There is less 
configurational change in the ligand on complex 
formation and thus less loss in configurational entropy. 
The size of the "hole" in the macrocycle may favour 
particular metal-donor distances and any small deviations 
in optimum
radius of hole 
radius of metal
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ratio may be accommodated by the flexibility of the ring. 
The metal acceptor may have steroechemical requirements 
on chelating with the macrocyclic ligand. This is 
especially true for ions with unfilled d-orbitals and 
for P-block elements with a lone pair of electrons.
Though these factors are clearly important, they 
only play a minor role in the case of the tetramine ligands 
above. The dominant factor responsible for the macrocyclic 
effect in this case is the lower degree of solvation of 
the macrocycle.
1.2 GROUP VB COORDINATION CHEMISTRY
Oxidation State 3
The Trihalides
AsCl^ is a clear colourless liquid that may be 
readily distilled. Both AsBr^ and Asl^ are solids.
SbClj, SbBr^f Sbl^ and all bismuth trihalides are 
solids that will sublime at low pressures. The trihalides 
are all hydrolysed by water and are best kept under 
strictly anhydrous conditions.
Coordination Chemistry
Our interest in coordination compounds lies 
in their stoichiometry, the variety of coordination 
numbers and coordination geometry, and the possible 
positions on the coordination sphere for both monodentate 
and bidentate ligands.
28
Coordination Number 4
This is mainly found in 1:1 adducts of Group (VB)
trihalides. In the majority of examples, the observed
3geometry corresponds to a distorted sp d trigonal 
bipyramid with the lone pair taking up one of the equatorial 
positions as predicted by VSEPR. Examples:
o
me me
24
\ me
‘N ------
AsC1j.NMe325
Cl
Cl
^Aso
Cl
and SbClj.dmit2  ^ (dmit = 1,3-dimethyl-2-(3H)-
imidazolethione)
'sof t ' S-donor
These structures also demonstrate 
the energetically favourable 
isomeric possibilities for an 
AX3LE system (A-central atom, 
X-halogen, L-donor atom,
E-lone pair) where the ligand 
may pccupy either an axial 
I or equatorial position II.
l x
I II
29
In the 2:1 complexes formed between SbCl^ and various 
aromatic systems, antimony still adopts the pseudo 
trigonal bipyramidal structure with the lone pair in the 
equatorial position, e.g.
Four coordination has also been observed in 
complexes where all halogen atoms have been replaced, 
e. g .~*'K [As (C6H402) 2] 30
0
Coordination Numi^i 5
There are relatively few examples of five
coordination, usually 1:1 complexes with bidentate 
ligands or 1:2 (M:L) complexes with monodentate
30
ligands. In SbCl3.2CgH5NH231 the Sb atom is situated
below the basal plane of a distorted square pyramid, so 
the structure is derived from an octahedral coordination 
in which one position is occupied by the lone pair.
The effect of the lone pair seems to be comparatively 
diminished in the structure of potassium pentachloro
atoms around each antimony could readily be described in 
terms of an octahedron with the lone pair occupying the 
sixth position but the Sb-Sb distance is much shorter 
than would be expected under the usual influence of 
active lone pairs.
Cl
2.36
antimonate (III ) (I^SbClg) 32 The arrangement of chlorine
Molecular arrangement 
SbCl..2“ unitsCl5 "
of the two
31
33Although Williams and coworkers first
described the structure of AsCl^.dmit complex in terms 
of pseudo-trigonal bipyramid in order to emphasise the 
variety of isomeric possibilities, this dimeric system
linked by long As-- Cl bridges is best described as two
distorted square pyramids sharing a common edge:
r vme "  me
Coordination Number 6
This is probably the most popular coordination 
for complexes of Group (VB) trivalent elements. There are 
numerous examples of halogen bridged complex anions with 
octahedral geometry around each antimony, e.g.
s
Br Br
Br
_  Sb
Br i ^
Br
Br Br
Br Br
A portion of the anion chain in
(pyH)SbBr434
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Notable work by Meyers and coworkers on the 
structures of bismuth complexes shows that many of them 
are halogen bridged. In tris(dimethylammonium)hexachloro- 
bismuthate(III) [(CH3)2NH2]3BiBrg35, the BiBrg3- ions are 
independent octahedra, the dimethyl ammonium groups 
are also independent. The BiBr5 ions in bispiperidinium- 
pentabromobismuthate(III) (a) are bromine bridged36 
like the BiBr^ anions in 2-picolinium tetrabromobismuthate(III) 
and tetraiodobismuthate(III)
(a)
q § q 2 8 § g 9 o
0 O Q O ° a ^ D  
O  ■Br
I n  t h e s e  s y s t e m s ,  t h e  l o n e  p a i r  d o e s  n o t  show 
a n y  m a r k e d  s t e r e o c h e m i c a l  a c t i v i t y .  A X g E  s y s t e m s  w i t h  an 
a c t i v e  l o n e  p a i r  i n v o l v e  l i g a n d s  a s s o c i a t e d  w i t h  a n a r r o w
38
b i t e .  T h e  d i e t h y l d i t h i o c a r b a m a t e  c o m p l e x e s  A s  ( S 2C N E t 2 ) 3
( c ) , S b ( S 2C N E t 2 > 3 a n d  B i ( S j N E t j ) 3 3 ^ a r e  a l l  e x a m p l e s  o f  
A X g E  s y s t e m s  w h i c h  a r e  b a s e d  o n  an  o c t a h e d r o n  w i t h  t h e  
l o n e  p a i r  a c t i n g  t h r o u g h  t h e  c e n t r e  o f  o n e  o f  t h e  f a c e s  
( C 3 v  d i s t o r t i o n )  r e s u l t i n g  i n t o  a s e t  o f  t h r e e  l o n g  
M -S  b o n d s  a n d  t h r e e  s h o r t e r  o n e s .
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'3v
There are many other examples of this type of structure, the 
more recent ones being Sb [SjP (OR) 2 ] 3 R = Me and
The six coordination - number story is incomplete 
without the AX,E system where the influence of the loneD 3- 4 ipair is dramatised, ije. the structure of the Sb(C204>3 ion
5h
The coordination geometry is based on a pentagonal 
bipyramid with the lone pair taking up one of the axial 
positions.
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There are not many examples of group (VB)
compounds with coordination number seven, a few compounds
with Bi-0 or Bi-S bonds will be considered. The structure
of bismuth (2:1) borate (2810^ shows both C.N. = 6
42and C.N. = 7 , this is also true for bismuth indium
sulphide (Bi2In4Sg)43.
Coordination Number 7
The two BiSg coordination polyhedra in 
B12In4S9
Reactions involving ligands where nitrogen, 
phosphorous, arsenic, and antimony are the donor-centres 
are well documented. We shall just consider one 
representative example. The reaction between SbPh^ 
and ReCl^tNO^44 results in a complex with C.N. = 4, and with 
antimony(III) in a distorted tetrahedral environment.
Such Lewis base character decreases down the group, 
bismuth does not exhibit this property.
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Oxidation State 5
The compounds of Group (VB) in oxidation 
state 5 play a less important role in terms of the 
subject matter of this thesis and only merit a brief 
examination.
Group (VB) Pentahalides
SbCl5 is a colourless liquid which is a well
known chlorinating agent and also a powerful electron 
45acceptor . Bismuth pentafluoride is a white crystalline 
solid and an extremely powerful fluorinating agent.
Although the pentachlorides of antimony and aresnic are 
well known, bismuth does not form a pentachloride. The 
relative stabilities are PClg >> AsCl^ << SbCl^, so in 
Group (VB) only antimony pentahalides have some appreciable 
coordination chemistry.
J
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SbF^ and AsF^ are very strong Lewis acids
There are many examples of complexes of PF^, AsF^, SbF^
with fluoride ions to give MF^ . Likewise SbCl^ forms the
anion SbClg . More complex anions such as AS2FJJ and
4 7Sb2Fll ^  have also been isolated . Mixed halides 
such as SbCl4F are well known and there is now structural 
evidence for the mixed halide SbCl3F2 which is obtained 
from SbCl^F and SbF,. in sulphur dioxide48. The analysis 
shows that SbCl^F^ exists as a cis-tluorine bridged 
tetramer giving a distorted octahedral arrangement of 
halogen atoms around each antimony atom (b).
Coordination Chemistry
46
O F
SbF5 forms 1:1 and 1:2 complexes with
The 1:2 complex can be formulated as IF^ SbjFj^ with
strong fluorine bridging to the iodine. SbCl^ forms a
1: 1 addition compound with methanol which reacts with
further alcohol to produce compounds with stoichiometries
SbClc(MeOH),n =2, 3, 450. The suggested structure
as supported by i.r. data is :
r/Cl-Sb ----  O R
\  ✓
M......... ° \ H
The ionic formulation H ' [ (CH^OH)^bCl^OCH^] is seemingly
preferred for n > 3.
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are 5 and 6. The idealised geometry in five coordination
is either trigonal bipyramidal or square pyramidal. A
distorted trigonal bipyramidal structure is observed for
both SbBr^Phj and SbBrjPhCl^*, and a distorted square
pyramidal is seen in bis(triphenylantimony catecholate)
52hydrate . Coordination number six is quite common and
in the majority of cases, octahedral geometry is observed,
e.g. methyltrichloro(acetyl acetonato)antimony(V)
(CH^SbCl^ (C^H^C^) ) , 1"*^ , and diphenyl antimony (V)
54dichloride acetylacetonate
In Sb(V) compounds, important coordination numbers
The 1:1 product obtained from the reaction 
between N,N'-dimethyloxamide and antimony (V) pentachloride
in 1,2-dichloroethane or chloroform with the elimination
55 56of HC1 , has been the subject of a structural investigation .
Here again antimony(V) is in an octahedral environment
but the N,N'-dimethyloxamido ligand being N,0-bonded is
of great interest. Sb-Cldistances fall between 2.301
and 2.355 8. The C-N bond lengths 1.274 and 1.495 8
are consistent with some degree of double bond character
38
Similar structures have been proposed for the 2:1 compound
57 58I and the related bis[tetrachloro antimony (V)] oxalate II
CLSb-"** v
0 ^ Cl.SbY _SbCL 4
I II
Another structure of interest is the distorted octahedral
59tris (benzene 1,2-diolato) arsenate (V) anion in K SbfCgH^C^-j
39
For comparison, we now turn to the Ti(IV) and
Sn(IV) halides as representatives of Groups (IVA) and (IVB)
respectively with the following considerations;
(a) TiCl4 is a transition metal chloride while 
SnCl^ and SnBr^ are halides of a main group 
element.
(b) There is no lone pair of electrons associated 
with Group (IV) tetrahalides to be correlated 
with any irregularities or deviations from 
perfect symmetry shown by their complexes.
(c) Such an investigation provides more chemical 
information about the reactivity of the 
ligands of interest.
1.3 GROUPS (IVA) AND (IVB) COORDINATION CHEMISTRY
Groups
In looking at the coordination chemistry of 
(IVA) and (IVB), we shall only concern ourselves
with oxidation state (IV). Furthermore, for simplicity 
we shall restrict ourselves to the specific compounds 
TiCl^, SnCl4 and SnBr^. These tetrahalides are liquids 
that may be readily distilled. They all fume strongly 
in moist air, are readily hydrolysed by water, and have 
to be kept under strictly anhydrous conditions. Most 
of the earlier chemistry has been reviewed by Beattie60.
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ligands of interest.
1.3 GROUPS (IVA) AND (IVB) COORDINATION CHEMISTRY
In looking at the coordination chemistry of 
Groups (IVA) and (IVB), we shall only concern ourselves 
with oxidation state (IV). Furthermore, for simplicity 
we shall restrict ourselves to the specific compounds 
TiC1., SnCl. and SnBr.. These tetrahalides are liquids 
that may be readily distilled. They all fume strongly 
in moist air, are readily hydrolysed by water, and have 
to be kept under strictly anhydrous conditions. Most 
of the earlier chemistry has been reviewed by Beattie60.
For comparison, we now turn to the Ti(IV) and
Sn(IV) halides as representatives of Groups (IVA) and (IVB)
respectively with the following considerations:
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Evidence for five coordination in titanium
tetrahalides was first obtained by Antler and Laubengayer61
in their study of Me3N.TiCl4, Me2NH.TiCl4, MeNH2.TiCl4
and NH3.TiCl4 systems. This work was extended by Fowles 
6 2and coworkers who noticed that titanium tetrachlorides
do not only form 1:1 adducts with tertiary amines
but that tetravalent titanium is reduced to titanium(III)
species in the presence of excess amine. So with
trimethylamine, five coordinate species TiX4-NMe3 and
TiXj(NMe3)2 are obtained. A trigonal bipyramidal
geometry is proposed for both compounds. The trivalent
compound may also be prpeared by direct reaction of NMe3 with
Ti(III) halides. TiCl4 also forms 1:2 adducts with pyridine,
but with excess pyridine Ti(IV) is reduced to Ti(III)®^.
In their work on heterocyclic ring systems containing
metals, DrSger and coworkers have investigated five
64coordinate Sn(IV) systems which make excellent structural 
comparison with their As (III) and Sb(III) analogues^. All 
these are eight membered ring systems with 1,5-transannular
M-- S or M---0 interactions. The metal is in a pseudo
trigonal bipyramid environment as illustrated by the
64structure of 2,2-dichloro-l,3,6,2-trithiastannaoctane:
Coordination Number 5
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Sn (IV) halides and their derivatives. The SnCl,. ion
in [ (CgH,.) 4C4C1] SnCl566 represents one of the simplest
examples available. There are numerous examples of
organotin(IV) complexes, e.g. the Ph-jPO complex with
6 7trimethyltin nitrate (CgH^) 3SnNC>3 . (CgH^) 3P0 where the 
tbp arrangement is again observed.
Coordination Number 6
Tin(IV) chloride forms adducts of the type
SnCl4.2L and SnCl4.L-L (L = monodentate, L-L = bidentate).
With octahedral 1:2 adducts, there is the possibility of
68either cis or trans isomers. The complexes SnX4 (Py)2»
6 9X = Cl, Br; SnCl4 (THT)2 (I) THT = tetrahydrothiophene, 
and SnCl4 (PEt3)270 (II) provide examples of trans- 
octahedral geometry.
Trigonal bipyramidal (tbp) coordination is otherwise rare in
Complexes of SnCl4 (SeOCl2)2 III71, SnCl4 (P0C13)2 IV72, 
71 74SnCl4 (DMSO)2 , SnCl4(CH3CN)2 and the ligand bridged 
SnCl4NC(CH2)3CN75 are among those with cis-octahedral
geometry.
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III IV
The molecule of SnCl4.2SeOCl2 The molecule of SnCl4.2POCl
Many other ois or trans 1:2 adducts have
been prpeared and characterised by their ^®C1 n.q.r.
spectra76 where two resonances are expected for a
ois adduct (two distinct types of chlorine atoms, axial
and equatorial) and one resonance for a trans adduct.
In their study of the effects of various donor
atoms on ois-trans isomerisation in 1:2 SnX4 adducts,
77Harrison, Lane and Zuckerman concluded that for 
monodentate ligands:
(a) All Group (VB) donors give trans-isomers 
(triphenylarsine is the exception).
(b) Oxygen donors give predominantly ets-isomers.
With bidentate ligands, octahedral ois SnX4.L-L
7 8chelates dominate the stereochemistry examples being 
the complexes formed with 2,2-bipyridine and 1,10-phenan- 
throline.
1:1 Adducts of TiCl4 are mostly octahedral with
79halogen bridging, e.g. (TiCl4POCl3)2, the ethylacetate 
adduct®®, and the CH^NOj adduct®*.
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(TiCl4POC13)2
The 1:2 adduct ot TiCl4 and P0C13 is isostructural with
8 2the cis-octahedral SnCl4.2POCl3
Coordination Numbers 7 and 8
Coordination numbers 7 and 8 are very rare in 
simple inorganic tin(IV) and titanium(IV) complexes. 
Notable examples are the eight coordinate TiCl4 (diars)2 
complexes.
There are many examples of seven coordinate complexes with 
pseudo pentagonal bipyramidal geometry but they are 
outside the scope of this work because they involve the 
replacement of all or most of the halogen atoms 
with O, S, N, or even C.
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One of the problems we have experienced with 
our dithiooxamide complexes is the limited information 
that is provided by the 'normal' spectroscopic methods.
This is indeed true for many coordination complexes.
In the earlier stages of this work, we had conflicting 
analyses for some of the compounds (e.g. SbCl^.DEDTC^ 
and (SbCl3)2DIPDTO) and the information provided by i.r. 
and 1H n.m.r. was inconclusive. It was decided to use 
X-ray crystallography as a technique in order to fully 
understand the apparent structural complexities.
Rather than simply have samples analysed by an 
external source, it was decided that I should spend some 
time learning the basics of this technique. Accordingly, I 
spent 10 weeks at Reading University with Dr. M. G. B. Drew.
The following section represents a brief 
introduction to an X-ray crystal structure analysis.
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1.4 CRYSTAL STRUCTURE ANALYSIS
The analysis of a crystal structure may be
summarised as comprising the stages:
(1) Experimental measurement of the unit cell 
dimensions and of the intensities of a large 
fraction of the diffracted beams from the 
crystal. These intensities depend only on
the nature of atoms present and their relative 
positions within the unit cell. Data inferred 
from measurements on the diffraction pattern 
include :
(a) The relative positions of the diffracted beams 
which can be used to measure the size and shape 
of the unit cell.
(b) Intensities of the diffracted beams which 
may be analysed to give positions of the 
atoms within the unit cell.
(2) The deduction, by some method, of a suggested 
atomic arrangement (a trial structure). 
Intensities of the diffraction maxima 
corresponding to this arrangement can then be 
calculated and compared with those observed.
(3) Modification of this suggested arrangement 
(refinement) of scattering material until
the agreement between calculated and observed 
intensities is within the limits of error of
the observations
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General Experimental Procedure in Structural Determinations 
in this Thesis
Space groups and cell dimensions were determined
from precession photographs taken on a STOE-BUERGER
precession X-ray goniometer. The data for crystal
structures were collected on a STOE-STADI-2-diffractometer.
Zirconium filtered Mo-K radiation was used. The crystala
was set up to rotate around an axis and the appropriate 
cell dimensions were fed into the instrument's mini­
computer. Cell dimensions were refined using high angle 
measurements. Intensity data was collected semi- 
automatica lly in the oj-scan mode with a scan rate of
0.033° s 1 that was applied to the scan width ( A i d )  of 
(1.5 + sin >i/tan 0). Background counts at each end of 
the scan were 20 sec. The intensity data output was in the 
form of punched paper tapes. During data collection, 
one intense reflection was chosen as a standard for each set 
of measurements and the intensity of this reflection checked 
at intervals throughout the data collection. No significant 
decomposition of any crystal was observed and no correction 
was applied.
To illustrate the main principles, the crystal 
structure analysis of AsCl(td) (see Chapter 5) 
is outlined as an example:
The compound was recrystallised from a methanol/ 
dichloromethane solution as very light yellow crystals.
Its density was measured by suspending a chosen crystal 
in a mixture of carbon tetrachloride and diiodomethane 
such that the crystal neither sank to the bottom nor floated
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General Experimental Procedure in Structural Determinations 
in this Thesis
Space groups and cell dimensions were determined 
from precession photographs taken on a STOE-BUERGER 
precession X-ray goniometer. The data for crystal 
structures were collected on a STOE-STADI-2-diffractometer. 
Zirconium filtered Mo-K^ radiation was used. The crystal 
was set up to rotate around an axis and the appropriate 
cell dimensions were fed into the instrument's mini­
computer. Cell dimensions were refined using high angle 
measurements. Intensity data was collected semi- 
automatica lly in the ui-scan mode with a scan rate of
0.033° s * that was applied to the scan width (Aw) of 
(1.5 + sin >i/tan 9). Background counts at each end of 
the scan were 20 sec. The intensity data output was in the 
form of punched paper tapes. During data collection, 
one intense reflection was chosen as a standard for each set 
of measurements and the intensity of this reflection checked 
at intervals throughout the data collection. No significant 
decomposition of any crystal was observed and no correction 
was applied.
To illustrate the main principles, the crystal 
structure analysis of AsCl(td) (see Chapter 5) 
is outlined as an example:
The compound was recrystallised from a methanol/ 
dichloromethane solution as very light yellow crystals.
Its density was measured by suspending a chosen crystal 
in a mixture of carbon tetrachloride and diiodomethane 
such that the crystal neither sank to the bottom nor floated
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to the surface. The density was obtained by weighing accurately 
35.0 cm of the mixture.
Density (p measured) = 1.84.
(A) Selection of the Crystal
A few crystals of AsCl(td) were sprinkled on a micro­
scope slide and placed under a polarising microscope. The 
sample was rotated while being viewed in plane polarised 
light. Our objective was an individual crystal of suitable 
size (approximate dimensions 0.1 mm-0.5 mm). The 
selected crystal was one that changed relief between 
'bright' and 'dark' every 90°. This observation is an 
indication that the material is crystalline in nature 
and is unlikely to be "twinned", i.e. a combination of 
two or more lattices. The crystal chosen for X-ray studies had 
approximate dimensions 0.40, 0.10 and 1.25 mm.
(B) Setting the Crystal
T h e  c r y s t a l  o f  c h o i c e  w as t h e n  p l a c e d  i n  a 
L in d e m a n n  t u b e  a l o n g  i t s  m o s t  p r o m i n e n t  a x i s .  A  s m a l l  
a m o u n t o f  h i g h  v a c u u m  g r e a s e  w as i n t r o d u c e d  i n t o  t h e  
t u b e  t o  p r e v e n t  t h e  c r y s t a l  a l t e r i n g  p o s i t i o n  d u r i n g  
f u r t h e r  i n v e s t i g a t i o n .  T h e  t u b e  w as s e a l e d  a t  b o t h  e n d s  
a n d  m o u n t e d  o n  a g o n i o m e t e r  h e a d  u s i n g  " s o f t  B e e s w a x " .
T h e  h e a d  w as a f f i x e d  t o  t h e  p r e c e s s i o n  c a m e r a  a n d  a l i g n e d  
b y  m a k in g  b o t h  a r c  a n d  l a t e r a l  a d j u s t m e n t s  u n t i l  t h e  
c r y s t a l  w a s  c e n t r e d  j u s t  b e l o w  t h e  c r o s s w i r e s  i n  t h e  
t e l e s c o p e  a n d  f i n a l l y  i n  t h e  X - r a y  b e a m , s o  t h a t  i t  
w o u l d  be  b a t h e d  i n  r a d i a t i o n .  T h e  c r y s t a l  was t h e n
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rotated so that the X-ray beam was perpendicular to a 
prominent face and therefore possibly coaxial with a 
crystal axis.
With the following settings: y = 7.5°, F = 0, 
no filter, no screen [(in this case the reciprocal lattice 
is precessed through y = 7.5° so that reflections, which 
can only occur when reciprocal lattice points cross 
the Ewald sphere, may be obtained) 60-F = distance (in mm) 
from the crystal to the film] the precession camera was 
set in motion and X-rays fired at the crystal for fifteen 
minutes. After this time the photographic film was 
developed. This process was repeated with a few adjustments 
on the crystal settings and after several attempts, a 
'circle' was obtained. The circle indicates that the 
crystal has been aligned so that an axis is coincident with 
the X-ray beam. Rotating the crystal by 90° fortunately gave 
another circle indicating two axes at right angles.
(C) Obtaining Precession Photographs
With the settings for the zero layer: y = 25°,
F = 0, screen with annular slit diameter of 40 mm, Mo Kq 
radiation and S = 42.8 (S is the distance from the screen 
to the crystal) the crystal was set for each axis in 
turn and layer photographs obtained over 16 hours.
(D) Using Precession Photographs
(i) From the symmetry of the reciprocal lattice
it was adjudged that the crystal is monoclinic with 8
equal to 91°.
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rotated so that the X-ray beam was perpendicular to a 
prominent face and therefore possibly coaxial with a 
crystal axis.
With the following settings: p = 7.5°, F = 0, 
no filter, no screen [(in this case the reciprocal lattice 
is precessed through p = 7.5° so that reflections, which 
can only occur when reciprocal lattice points cross 
the Ewald sphere, may be obtained) 60-F = distance (in mm) 
from the crystal to the film] the precession camera was 
set in motion and X-rays fired at the crystal for fifteen 
minutes. After this time the photographic film was 
developed. This process was repeated with a few adjustments 
on the crystal settings and after several attempts, a 
'circle' was obtained. The circle indicates that the 
crystal has been aligned so that an axis is coincident with 
the X-ray beam. Rotating the crystal by 90° fortunately gave 
another circle indicating two axes at right angles.
(C) Obtaining Precession Photographs
With the settings for the zero layer: p = 25°,
F = 0, screen with annular slit diameter of 40 mm, Mo Kq 
radiation and S = 42.8 (S is the distance from the screen 
to the crystal) the crystal was set for each axis in 
turn and layer photographs obtained over 16 hours.
(D) Using Precession Photographs
(i) From the symmetry of the reciprocal lattice
it was adjudged that the crystal is monoclinic with 6
equal to 91°.
(ii) From the spacings between the spots on the
photographs, cell dimensions of the real cell lattice 
were worked out.
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Dimension in spacings in mm 60 x 0.7107
The volume of the unit cell was obtained from the 
dimensions
V = a x c b x c sinB
f 69 5 -1 1 5 4 -2 l"1 X ( 78.5oV0XoII x 0.7107 (20 x 60 x 0.7107J (18 x 60 x 0.7107J
= 849.76 X
(iii) The contents of a crystal were checked by
calculating a value of density from the mass of the 
contents of the unit cell divided by the volume of the 
unit cell. This is given by the formula:
p M.W. x 1.66 x Z
where p = density of crystal
M.W. = Molecular Weight
Z = number of molecules in the unit cell 
(an integer)
(Z is checked for consistency with the spacegroups 
Calculated density <Pca^c ) for AsCl(td) «* 1.86.
)
(iv) Examination of the photographs for systematic
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absences revealed no systematic absences for hkl reflections
so that the unit cell is primitive (p) but systematic
absences were observed for hoi with lodd and for oko with
k odd. These observations confirmed the monoclinic
symmetry and the systematic absences lead unambiguously
to space group P21/c (No. 14) after consulting international
84tables for X-ray crystallography (Vol. 1)
(E) Intensity Measurements
The intensities of 1690 symmetry independent 
reflections were measured on the diffractometer and 
corrections applied to take account of polarisation and 
Lorentz effects. An absorption correction was also made.
(F) Data Analysis
A schematic representation
Relative structure factors (|Fr|) were calculated from 
intensity measurements (I) using a data reduction program 
which applied the formula:
k is a scale factor 
proportional to
(a) crystal size
(b) beam intensity
(c) a number of 
fundamental 
constants
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(polarisation factor)P 2
L 1 (Lorentz factor)sin2 6
The atomic coordinates were found by the heavy
atom method. This was achieved by computing the Patterson 
function of the crystal. This is a Fourier series for
P is evaluated at every point (u, v, w) of a three
dimensional grid which fills a space that has the size
and shape of the unit cell. This function gives a map
of interatomic vectors. A peak in the Patterson function
at a position related to the origin of the map by a vector
(U, V, W) implies that there are two atoms in the crystal
structure at positions (x1# Zj) and (x2* y 2 * z2) such
that x2 “ xx = U, y2 - yj = V and z2 - Zj - W. The height
of the peak will be proportional to the product of the
number of electrons in each of the two atoms involved.
It is these two properties that facilitate the location
8 4of the heavy atom. From the data for P 2 1 yc • The 
coordinates of vectors between symmetry related positions 
of any atom in terms of its atomic position parameters
2which only the indices and the |F| value of each diffracted
beam are required:
Puvw = r jT -  I I I  I F. .  .  c o s 2 h  ( h u  + k v  +  l w )  vc h  k 1 n K i
proportional to 1^^
were derived as follows:
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( a ) Atomic positions
1 .  x
2 .  x
3 .  x
4 .  x
y z
Ÿ z
 ^ + y  ^- z
h - y h + 2
(b) Interatomic vectors between symmetry related
atoms are expected at positions corresponding 
to the differences in coordinates of the 
various atomic positions
(1 - 2) 2x 2y 2z
(1 - 3) 2x h h + 2z
(1 - 4) 0 h + 2y »5
The vector between any other positions, e.g.
2 - 4 or 4 - 3 is either identical to one of 
these or related by a mirror-plane or rotation 
axis.
( c ) The Patterson map for AsCl(td) shows peaks at 
the following positions:
x y z
p e a k  1 0 0 0
3 0 0 0 . 5
4 0 . 4 6 0 . 5 0 . 1 8 7 3
9 0 . 4 5 5 6 0 .5 0 . 6 8 4 5
D i r e c t  c o m p a r i s o n  o f  t h e s e  w i t h  t h e  g e n e r a l  
e x p e c t e d  p o s i t i o n s  i n  ( b )  a b o v e  s h o w e d  t h e  c o n s i s t e n t  
s e t  o f  c o o r d i n a t e s  f o r  t h e  As a to m  t o  be
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x = 0.23 y = 0.25 and z = 0.34
Once the heavy atom has been located the assumption is 
then made that it dominates the diffraction pattern 
and the phase angle for each diffracted beam for the 
whole structure is approximated by that for the heavy 
atom. From the position and intensity of the heavy 
atom the structure factor and the phase of the diffracted 
beam from the heavy atom (As) were worked out using 
the following formulae:
O n c e  F  ,  a n d  a h a d  b e e n  o b t a i n e d ,  a n o t h e r  F o u r i e r  S e r i e s ,  
c a l c
f r o m  w h i c h  t h e  e l e c t r o n  d e n s i t y  p ( x ,  y ,  z )  a t  a n y  p o i n t  
( x ,  y ,  z )  i n  t h e  c e l l  c a n  b e  o b t a i n e d ,  was c o m p u t e d  u s i n g
N
|Fhki! = , f* exp2Tri (hxr + kyr + lzr)
fr - obtained from international tables 
proportional to the number of 
electrons at
N N
F,hklobs
•> F , = T f cos2n (hx_ + ky + lz ) + 7 f_ •¿sin2n (hx + ky + lz )calc r r r r  ^ . r r r r, r= 1 r - 1v------------,------------ ' '-------------- ,-----------'~r
A
A + i B
cos a A sin a B
where a is the phase angle
t h e  f o r m u l a :
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p, . = ^ £ £ £ F,,, exp-2u' ( h x  + ky + lz)
M ( x , y ,z) v  h k 1 hkl
hkl not merely the moduli of structure factors which are available as |Fo| but rather the 
moduli plus the unobservable phases
Fv.i.i = 1 fk v i Ie7’01; FHlrl = |Fhkl|cosa + ihkl 
or Fhkl
hkl 
= A,
hkl Fhkl|sina
hkl + 1Bhkl
Evaluation of p at all points (x, y, z) provided an 
electron density map and more atoms, in this case two S 
and one Cl were located by assuming that the function p 
is maximum at a point where there is an atom. The 
coordinates of the two S and Cl atoms were used along 
with those of As to calculate a slightly more accurate 
value of Fcalc and the value of a obtained, as expected, 
is closer to the actual value of a for the cell. These 
'new' values were used to provide an improved electron 
density map from which all the carbon atoms were located. 
In a general case, the process can be repeated until all 
the atoms have been located.
Final positional and thermal parameters were 
refined by full-matrix least squares analysis until 
convergence occurred, i.e. minimum Q where
£ <o 
hkl
(|F°I " ¿lFcl)2— r~ 
AF
k is a scale factor
A weighting scheme was chosen to give similar values of 
u (AF)2 with ranges of Fo and the weighting scheme
used on the STOE diffractometer was
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p (x,y,z) ^ l l Z F... exp-2u ‘ (hx + ky + lz) h k 1
' hkl not merely the moduli of structure factors which are available as |Fo| but rather the 
moduli plus the unobservable phasesLl
Fhkl 'Fhkl »7 a.
or Fhkl = A,hkl + :'B
hkl
hkl
= |Fhkl|cosa + IF,hkl
Evaluation of p at all points (x, y, z) provided an 
electron density map and more atoms, in this case two S 
and one Cl were located by assuming that the function p 
is maximum at a point where there is an atom. The 
coordinates of the two S and Cl atoms were used along 
with those of As to calculate a slightly more accurate 
value of Fcaic and the value of o obtained, as expected, 
is closer to the actual value of a for the cell. These 
’new’ values were used to provide an improved electron 
density map from which all the carbon atoms were located. 
In a general case, the process can be repeated until all 
the atoms have been located.
Final positional and thermal parameters were 
refined by full-matrix least squares analysis until 
convergence occurred, i.e. minimum Q where
0  -  I  -  <! F° I  ~ ¿ i F c i . ' 2
hki ^
k is a scale factor
A weighting scheme was chosen to give similar values of 
w(AF)^ with ranges of Fo and ; the weighting scheme
| sina
used on the STOE diffractometer was
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(oF + .00= (F) 2)
where o(F) was taken from counting statistics 
= was a variable (usually 2 or 3).
A final residual index (R) was obtained by the formula
E IFo| - k|F |
R = ----------- —
£ I Fo |
(Fo = k/lcorr where k is chosen to give £|Fo| = l|Fc | )
Where Fo - observed structure factor
Fc - calculated structure factor 
k - overall scale factor
Scattering Factors
When light is scattered by particles that are 
very small relative to the wavelength of the light, 
scattered light has the same intensity in all directions.
For larger particles, radiation from different regions will 
still be in phase in the forward direction but at higher 
angles, there is interference between radiation scattered 
from various parts of the particle. Therefore the 
intensity of radiation scattered at higher angles is 
less than that of radiation scattered in the forward
direction.
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1U)
(oF + ,00=> (F) 2)
where o(F) was taken from counting statistics 
= was a variable (usually 2 or 3).
A final residual index (R) was obtained by the formula
(Fo = k/lcorr where k is chosen to give T. | Fo | = I | Fc | )
Where Fo - observed structure factor
F„ - calculated structure factor c
k - overall scale factor 
Scattering Factors
When light is scattered by particles that are 
very small relative to the wavelength of the light, 
scattered light has the same intensity in all directions.
For larger particles, radiation from different regions will 
still be In phase in the forward direction but at higher 
angles, there is interference between radiation scattered 
from various parts of the particle. Therefore the 
intensity of radiation scattered at higher angles is 
less than that of radiation scattered in the forward
1 | Fo | - k | F |
R = ----------- -
£ I Fo |
direction.
This effect is greater the larger the particle relative 
to the wavelength. The scattering factor of an 
atom (fat ) is given by:
They are vibrating about their mean positions. This 
increases their effective size leading to a more rapid 
decline of atomic scattering factors than would be 
expected for stationary atoms. Mean vibration amplitudes 
tend to increase with temperature so the reduction of 
scattering factor at large scattering angles becomes 
more pronounced at high temperatures. The simplest 
assumption we can make is that the motion of each atom 
is the same in all directions, i.e. ISOTROPIC. Such
£  _  w a v e  b L a  L t e r e u  D y  u f i c  c lu Q I I l ____________________
atom Amplitude of wave scattered by a single electron
Amplitude of sc t d b the atom
note that fatom decreases as —fn6 increases
i
Temperature Factor
Atoms in a crystal are not stationary objects.
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motion results in an exponential decrease in atomic 
scattering factors as the scattering angle (26) increases. 
The scattering factor of an atom at rest (f) is then
L  BSin2Q ) , , ,replaced by fe*• y! ' where B = 8nz<u^>. Here <uz>
is the mean square vibrational amplitude and is known
as the Debye factor. If the atom vibrates ANISOTROPICALLY
(as most atoms do because of their different atomic
environments) the next simplest approximation is the
assumption that the motion is ellipsoidal, i.e. it can
be described by the six parameters of a general ellipsoid
rather than the single parameter characteristic of a
sphere. Three of these parameters are considered to
define lengths of three mutually perpendicular axes
describing the amount of motion in these directions and
the remaining three to define the orientation of these
ellipsoidal axes relative to the crystal axes. The usual
way of taking this kind of ellipsoidal motion into account
in structure factor equations is by means of an exponential
factor analogous to that of the isotropic case but
with six anisotropic temperature factors, j, as
multipliers of the indices for each reflection hkl in 
-Tthe exponent e where
2 2 *2 2 *2 2 *1 T = 2n^(Uxlhza i + u^k^b z + U-jjl^C + U12hka*b* +
U23klb*c* + ul3hla*c*)
For this work, metal, chlorine and sulphur atoms were 
refined anisotropically. Wherever possible, oxygen, 
nitrogen and carbon atoms were also refined anisotropically.
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Hydrogen atoms bonded to carbon were placed in the appropriate
trigonal or tetrahedral positions and given individual
thermal parameters. Hydrogens on the same carbon atom
were constrained to be equivalent. Hydrogen atoms on
amine-nitrogen atoms were located from difference Fourier
maps and their parameters allowed to refine. Scattering factors
8 5were taken from International tables . Calculations were
made using the CDC 7600 computers at the Regional computer
centre at the University of Manchester or London using the
86SHELX 76 system of programs . The University of Reading 
ICL 1904 computer was also used for initial treatment of 
intensity data from the diffractometer and for the plotting 
of the final structures. The programms used were either 
written and/or adapted for the machines by Dr. M. G. B. Drew.
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CHAPTER 2 
DITHIOOXAMIDES
2.1 INTRODUCTION
Dithiooxamides have been known for a long time 
and utilised in a wide range of applications. They were
8 7seen as potential metal deactivators in petroleum products ,
8 8vulcanisation accelerators , and they were found to possess
8 9inhibitory properties against certain bacteria ; they
90also found use in the synthesis of 2,2•-dithiazoles 
Dithiooxamides readily form metal complexes some of which
have been used as colour sources in the photographic 
91industry ; N,N'-disubstituted dithiooxamide complexes
92with copper(II) show electric behaviour of semiconductors
Numerous metal complexes of dithiooxamide and
93its N-substituted derivatives have been reported and
so we now outline some trends in this area of chemistry.
The reasons for our interest in dithiooxamides will be stated later.
Factors Governing Metal Complex Formation with 
Dithiooxamides
(a) Dithiooxamides possess four centres that are
strong Lewis bases: two sulphurs and two nitrogens.
There are lone pairs of electrons on each, available for donation
although the lone pair on the nitrogen is partially delocalised
to give an system.
6" 6+ H 
S--C— N '
R
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Persson and Sandstrdm have calculated n-electron 
densities and u-bond orders in the ground and excited states 
for inter alia N,N'-tetrasubstituted dithiooxamides. The 
choice of donor sites therefore often leads to great 
controversy.
In the HSAB classification, (N)-donors are usually 
classified as hard bases while (S)-donors are usually soft 
bases. If HSAB and class (a) - class (b) considerations 
are the dominant factors influencing complex formation, 
then depending on the metal centre, only one donor type,
(S) or (N) will be involved in coordination for these 
dithiooxamides.
94
(b) Chelate formation is quite common with various
metal centres. In many cases, involvement of both (N)-
and (S)-centres is proposed. One such complex is the
95platinum(II) ion with substituted dithiooxamide
,j+Ü* NtJR 
?  Pi
RMN'
*C'I
,C.
NHR
In their work on tetraalkyldithiooxamides with Group (VB) 
metals, Peyronel and coworkers9 3 ^  propose structures 
where only (S)-donation to the metal is involved:
Rv
N'c*8\
.-c<R'
M M = As, Sb, Bi, R = Me, Et
This view is supported by work in these laboratories with 
N,N'-disubstituted dithiooxamide complexes of Group (VB) 
and Group (IV) halides.
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r 'n'c*sI
r'N
M = Sb96 M = Ti, Sn93(g)
Chelate formation is dictated by the size of the ligand 
'bite1 in relation to the size of metal centre and is 
therefore less likely in some ligands associated with a 
narrow bite.
(c) Reaction conditions:
In neutral or alkaline media: Dithioxamides 
and their partially N-substituted derivatives are known 
to lose the amidic proton and form (N,S)-bonded non-electrolytic 
M(LH>2 complexes (I) M = Po(II), Pt(II)(I) *9 *^. With nickel, 
polymeric complexes have been observed9® 100^
S * .  . .N R ^ . S ^ ^ N H R
1 M 1
R H N ^ C ,* S  ^ ^ R N - C * S
(I)
When it was first observed, proton loss was
thought to be a necessary prerequisite for complex
formation but the preparation of dithiooxamide complexes
in acid media soon proved this not to be the case.
In aoid media: Dithiooxamide and its partially
substituted derivatives react with divalent transition
metals to form monomeric complexes of the general formula
M*11* (LHj)jXj with no incipient proton loss (M = Pd, Pt93
and Ni93 a^M  presumably with the following (N,S)-bonded
structure :•
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Chelate formation is dictated by the size of the ligand 
'bite' in relation to the size of metal centre and is 
therefore less likely in some ligands associated with a 
narrow bite.
(c) Reaction conditions:
In neutral or alkaline media: Dithioxamides 
and their partially N-substituted derivatives are known 
to lose the amidic proton and form (N,S)-bonded non-electrolytic 
M(LH)2 complexes (I) M = Po(II), Pt(II)97. With nickel, 
polymeric complexes have been observed9® 10®.
.NHR
S
(I)
When it was first observed, proton loss was 
thought to be a necessary prerequisite for complex 
formation but the preparation of dithiooxamide complexes 
in acid media soon proved this not to be the case.
In acid media: Dithiooxamide and its partially 
substituted derivatives react with divalent transition 
metals to form monomeric complexes of the general formula 
M*11* (LH2)2X2 with no incipient proton loss (M - Pd, Pt93 
and Ni93(a>) presumably with the following (N,S)-bonded
structure :•
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RHN
^ . S ^ c„NMR
I
RHN^C*S
(cio4)2
M = Ni(II), Cu(II)
With Co(III), tris(S,N)-chelates with a general
formula Co(LH2)3 have been formed (LH2 = MeHNC(S)C(S)NHMe,
CgH^HNC (S)C (SJNHCgH^'101 and there is great interest
in their stereochemistry.
Neutral complexes M(LH)2 of planar dithiooxamides
such as H2NC(S)C(S)NH2 , RHNC(S)C(S)NH2 and RHNC(S)C(S)NHR
have also been prepared by reacting solid M(LH2>2 complexes
1 0 2with solid NaF (M = Ni, Pd, Pt)
(d) Possible ligand bonding modes:
The bonding arrangement in dithiooxamide complexes 
is in many ways dictated by the choice of donor sites. 
Examples of ais-(S,S)— (I) and (N,S)-chelates(II) have 
been described above
**c-
A
,NHR
NHR
RHN. S
C YRMN^ S
. s* „ - . nhr
RÌÌN'
I III II
It is possible to have chlorine bridged structures
involving ots-chelates.
Tran8 - (S,S)-(IV), (N,N)-(V), and (S,N)-(VI)
bridging structures where the ligand forms a bridge to
two different metal centres, rather like the bridging role
of the ligand in the antimony(III) complex with 1,4-dithiane103
are other possibilities. Similar cis-(S,S)-, (N,N)-,
bridges can be constructed.
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An extension of the trana (S,S)~ and trana(N,N)-bridging
modes where the ligand uses all its donor atoms to
bridge different metal centres has been suggested by
92Girerd and coworkers
i ICU'”  cu
CU...CUI I
One last bonding mode that has not been observed to 
date is that where the ligand bonds 'endo' to one metal 
centre.
rhn s ^\ # NC-C y  M 
t  '  /S NHR
Our interest in the coordination chemistry of 
dithiooxamide ligands is centred on the following 
considerations:
Since most of the complexes prepared so far(a)
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have been with transition metals, there is a natural 
extension of dithiooxamide chemistry to main-Group 
elements. A comparison between Group (VB) (As, Sb, Bi) 
halides in their tervalent state and Group (IV) halides 
of Ti and Sn seems most appropriate.
(b) Unusual (N,N)-bonded systems have been
104observed in complexes of Group (IV) halides with 
dithiooxamide or thiourea whereas oxamides give 
predominantly (0,0)-bonded complexes with the same 
acceptors. An invesitgation of the products formed with 
N,N'-disubstituted dithiooxamides would furnish not only 
information regarding the effects of substitution at the amine 
centre on the nature of complex formed but also information 
on the interesting variety of donor schemes that might be 
expected.
(c) Again it would be useful to make a comparison 
between the donor properties of similar (S)- and (O)- 
bonded systems in terms of 'HSAB' and 'class (A)-class (B)1 
theories. Titanium(IV) which is normally described as
a hard (class (A)) acid is a better electron acceptor 
towards sulphur (soft, class (B)) than oxygen in thioxan105.
(d) Most of the complexes in the literature have 
been characterised on the basis of their spectroscopic 
properties. We sought to augment spectral assignments 
with some structural characterisation of both the ligands 
and the complexes.
(e) There is wide coverage of the reactions of dithiooxamide 
and related ligands in aqueous systems where deprotonation is
a reality. An investigation of similar reactions in totally
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anhydrous conditions would contribute to the evaluation of 
deprotonation and its influences on complex formation.
In this chapter we describe the syntheses and 
reactions of RHNC(S)C(S)NHR [R = -CH3 (DMDTO), -CjHg 
(DEDTO) , t-C3H7(DIPDTO) , n-C4H9(DBDTO) , -CgH^ (DCXDTO) , 
-CH2C6H5 (DBZDTO)] with various Sb(III), Bi(III),
Sn(IV), and Ti(IV) halides. We also describe the crystal 
structures of two of the ligands namely: DEDTO and DIPDTO 
and those of the complexes SbCl3-DEDT01 SbCl3.DIPDTOj^  , 
BiCl3.DEDTOj and SnBr4.DBDTO.
Synthesis and Characterisation of Dithiooxamides 
Two general synthetic routes have been 
employed in the synthesis of dithiooxamide ligands:
(a) Preparation of the relevant oxamide from 
diethyloxalate followed by treatment with phosphorous 
pentasulphide10**. Only one of the dithiooxamide ligands 
namely N,N1-dimethyldithiooxamide has been successfully 
isolated following this route.
(b) As an alternative, many ligands were prepared
by the modified Wallach reaction107 as described by
108Woodburn and Scroog where primary aliphatic amines 
are condensed with dithiooxamide. Spectroscopic data 
are listed in Tables 2.3.1 and 2.3.2.
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2.2 THE CRYSTAL STRUCTURES OF N,N'-DIETHYLDITHIOOXAMIDE (DEDTO) AND N , N 1-PIISOPROPYL- 
PITH IOOXAMIDE (DIPDTO)
The two ligands crystallise in the space group 
P21/C as monomeric molecular units. Details of cell 
constants, data collection and refinement are given in 
Table 2.2.1. Atomic coordinates, bond distances and 
bond angles, and torsion angles (DEDTO) are presented in 
Tables 2.2.2, 2.2.3 and 2.2.4 respectively. Figure 2.2.1 
shows the molecular geometry of DEDTO and Figure 2.2.2 
that of DIPDTO. In both ligands the sulphur atoms are 
trans to one another. For DEDTO, there are two centro- 
symmetric ligands in the unit cell, similarly, centro- 
symmetric symmetry is crystallographically imposed in 
DIPDTO.
For DEDTO, the S-C-C-S torsion angle is 180° 
which shows that the ligand is completely planar. This 
planarity with a trans geometry is exhibited by
i OQdithiooxamide , and N,N'-bis(trimethyl silyl)dithiooxa­
mide110. It is interesting that in all the structures 
investigated so far, N,N'-disubstitution does not alter 
the planar trane centrosymmetric structure observed in 
the parent dithiooxamide. Planarity favours the 
delocalisation of ir-electron density along the SCCN 
moiety. The extent to which this occurs in the free 
ligand is indicated by the C-C bond length as compared 
to that of carbon-carbon single and double bonds. The 
value of 1.542 & for DEDTO and similar values for 
dithiooxamide109, N,N‘-bis(trimethyl silyl)dithiooxamide110,
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and DIPDTO suggest that there is hardly any delocalisation 
along the S-C-C-S part of the molecule. It is still 
curious that these molecules should be so accurately 
planar and yet have the central bond with the length 
of a single bond. As already stated, N,N-dimethyl 
substitution results in a non-planar cisoid structure111.
The C-C bond length (1.518 8) in this molecule is 
surprisingly shorter than the corresponding C-C bond 
lengths in planar N,N'-disubstituted dithiooxamides 
but it still corresponds to the value of a single bond.
Turning to the S-C-N fragment of the molecule,
the three molecular positions obviously describe a
plane and hence possible charge delocalisation. Values
for C-N and C-S bond lengths are intermediate between those
expected for formal single and double bonds. For DEDTO,
the C-S bond length (1.664 8) is significantly shorter
than the C-S single bond (1.88 8) found in 1,4-dithiane103
and the C-N bond length (1.305 8) is shorter than the C-N single
bond (1.472 8) found in the same ligand. This decrease in
C-S and C-N bond length values of the S-C-N moiety
112has been observed in structures of thiourea , ethylene- 
thiourea113, thioacetamide1 , dithiooxamide1® , and its 
N,N'-disubstituted derivatives of which DIPDTO is 
no exception. The decrease has been explained in terms 
of delocalisation of electron density in the N-C-S 
moiety. This phenomenon is not unique to sulphur systems, 
it is also common to oxygen analogues, i.e. there is
delocalisation in the NCO fragment as well. For
Q.
DEDTO, the S-C-N^ torsion angle is close to zero
nh
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at 1.8°, however the C-n ' torsion angle is 83.7°.
H
Such a wide variation of "C(4)M is not unexpected 
and can be ascribed to packing effects.
Hydrogen bonding has been a dominant feature 
of all the structures in this family of compounds.
In thioacetamide114 the structure consists of two 
molecules held together by hydrogen bonds:
Thioacetamide
Thiourea and ethylthiourea also exist as two molecules 
held together by hydrogen bonding; in dithiooxamide 
the packing arrangement is influenced by considerable 
hydrogen bonding; and in N»N-dimethyldithiooxamide111 
the -NH2 ends of the two molecules are linked by 
hydrogen-bonds:
CH j
N,N-dimethyldithiooxamide
s
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For DEDTO, there is only one N-- S intermolecular
contact that could represent a hydrogen bond, namely
S(l)-- N(3) of 3.50 8 with an S-- H distance of 2.85 8
but this does seem rather long. There are no other 
intra-molecular distances of note less than the sum 
of van der Waal's radii. This is true for DIPDTO as 
well. It seems that partial substitution at the nitrogen 
centre greatly reduces the possibility of hydrogen bonding 
in the ligand as evidenced by its absence in N,N'-bis- 
(trimethylsilyl)dithiooxamide110, DEDTO, and DIPDTO, 
although all three structures have this curious habit of two 
molecules in the unit cell.
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For DEDTO, there is only one N-- S intermolecular
contact that could represent a hydrogen bond, namely
S (1)--N(3) of 3.50 8 with an S--- H distance of 2.85 8
but this does seem rather long. There are no other 
intra-molecular distances of note less than the sum 
of van der Waal's radii. This is true for DIPDTO as 
well. It seems that partial substitution at the nitrogen 
centre greatly reduces the possibility of hydrogen bonding 
in the ligand as evidenced by its absence in N,N'-bis- 
(trimethylsilyl)dithiooxamide11^, DEDTO, and DIPDTO, 
although all three structures have this curious habit of two 
molecules in the unit cell.
j
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T a b l e  2 . 2 . 1  C r y s t a l  D a t a  and  R e f i n e m e n t  D e t a i l s  f o r  DEDTO and DIPDTO
Compound DEDTO DIPDTO
Fo r mul a C6 H12N2S 2 C8H16N2S 2
M 1 7 6 . 2 204
C r y s t a l  c l a s s M o n o c l i n i c M o n o c l i n i c
S p a c e  g r o u p P 2 . / c P2 l / c
A b s e n c e s ( h , o , 1 ) ,  1 = 2 n ♦ 1 ( o  , k  , o )  , k = 2 n + 1
( h , o , 1 ) ,  1 = 2 n 
( o , k  , o )  , k = 2 n
a ( 8 ) 4 . 5 0 2 ( 7 ) 6 . 2 2 6 ( 7 )
b ( 8 ) 6 . 0 2 4 ( 9 ) 8 . 0 6 7 ( 1 1 )
c < 8 ) 1 6 . 4 2 5 ( 1  1) 1 1 . 1 8 7 ( 1 2 )
¿<°> 9 1 . 3 ( 1 ) 9 1 . 0 ( 1 )
u(83> 4 4 5 . 3 5 6 1 . 8
z 2 2
.. ( cm“ 1 ) 5 .  1 3 4 . 1 6
Dm ( g  cm“ 3 ) 1 . 3 3 n o t  d o n e
Dc  (g cm 3 ) 1 . 3 2 1 . 2 1
v (8 ) 0 . 7 1 0 7 0 . 7 1 0 7
F ( 000 ) 188 2 2 0
C r y s t a l  s i z e  (mm) 0 . 8  x  0 . 2  x  0 . 5 1 . 8  x 0 . 5  x 0 . 2
R o t a t i o n  a x i s a a
2 ® ( ° )  max 50 50
No .  o f  d a t a 750 1028
C r i t e r i o n  f o r  d a t a  I n c l u s i o n > 3o ( I ) > 2 o ( I )
No .  o f  d a t a  i n  r e f i n e m e n t 495 630
R 0 . 0 6 1 0 . 0 7 7
72
Table 2.2.2 Atomic Coordinates (x 104) for DEDTO 
and DIPDTO with Estimated Standard 
Deviations in Parentheses
DEDTO
ATOM X Y Z
C(l) 1067(10) 125 ( 9) 371 ( 3)
S(l) 1506 ( 4) 2546( 2) 846 ( 1)
N (2) 2378 ( 9) -1719 ( 7) 592 ( 3)
C (3) 2904 (15) -2329 (10) 2068 ( 4)
C (4) 4453 (12) -1979(10) 1291 ( 3)
DIPDTO
ATOM X Y Z
S (1) 2477( 3) 1825( 3) 365 ( 2)
N (1) 8600(10) 1069 ( 8) 1122 ( 5)
C (2) 8526(12) 2412(10) 2003 ( 7)
C (3) 6972(14) 1880(14) 2996 ( 7)
C(l) 10175(11) 742 ( 9) 400 ( 6)
C (4) 7873(14) 4033(11) 1396 ( 8)
73
Table 2.2.3 Bond lengths (8) and Angles (°) in 
DEDTO and DIPDTO
DEDTO
S(l) — C (1) 1.664 ( 5)
C(l) - N (2) 1.305( 6)
C(l) - C (1***) 1.542( 6)
N (2) - C (3) 1.472 ( 6)
C (3) - C ( 4 ) 1.483( 8)
S ( 1 ) - C(l) - C (1***) 121.4 ( 3)
N(2) - C (1) - C (x***) 114.0 ( 4)
C(l) - N (2) - C ( 3) 125.6( 4)
N (2) - C (3) - C ( 4 ) 112.6 ( 4)
Equivalent Positions
-y» -z
DIPDTO
S(l) - C(l) 1.680( 7)
N ( 1 ) - C (2) 1.4661 9)
N(l) - C(l) 1.3081 8)
C (2) - C (3) 1.546(10)
C (2) - C (4) 1.526(11)
C(l) - C(l***) 1.508(14)
C (2) Nil) - C <1 ) 126.7( 6)
N ( 1 ) C (2) - C (3) 107.8( 6)
Nil) C (2) - C (4) 110.2( 6)
C (3) C (2) - C (4) 113.1( 7)
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DIPDTO (Continued)
S(l) - C U ) - N(l) 124.0 ( 5)
S U ) - C U ) - eu***) 121.3( 5)
eu***) — C U ) _ NU) 115.0 ( 6)
Equivalent Positions 
***2-x,-y,-z
Table 2.2.4 Torsion Angles (°) for DEDTO
S(l)
S(l)
C U )
C(l)
N (2) 
C U 1 1 1 )
- C ( 3 )
S U 1 1 1 )
1.8
180.0
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2.3 REACTIONS OF DITHIOOXAMIPES WITH GROUP (VB)
HALIDES
Preparation of the complexes follows direct 
equimolar addition of the appropriate N,N'-disubstituted 
dithiooxamide (L) and covalent metal halide. This leads to 
complexes of the following types: MX^L^  ^ (M = Sb; X = Cl,
Br) and BiCl^Lj. These stoichiometries appear to be
unaffected by either conditions of mixing or the quantities
of reactants. These reactions were carried out in neutral
conditions; benzene was the solvent of choice for antimony(III)
complexes while solubility made acetone a better solvent
for bismuth(III) complexes. The antimony(III) adducts
were purified by washing with n-hexane and pumping
in vacuo. They were all handled in strict seclusion
of air and moisture because antimony trichloride is
known to easily hydrolyse. Solubility of antimony complexes
is limited to polar organic solvents. They are all
insoluble in non-coordinating solvents. Conductivity
data in MeCN solutions showed, over a range of
concentrations that the complexes were essentially
non-conducting.
All complexes are listed in Table 2.3.1.
Although several attempts were made, no arsenic(III) 
complexes could be isolated to complete the As, Sb, Bi 
"trio" of Group (VB) metals. This was rather disappointing 
because the N,N'-tetrasubstituted dithiooxamides 
R2NCSCSNR2 (R = Me, Et) have been reported to form 
complexes with AsXj (X “ Cl, Br) as well as SbX^ and
BiX^f (X = Cl, Br, D i n  very strong acid conditions93 ^  .
The adducts are hydrolytically unstable. Addition 
of water resulted in hydrolysis in every case. As a 
general rule, Sb(III) and Bi(III) complexes show a 
greater thermal and hydrolytic stability than their 
As (III) counterparts. In solution, as well as in the 
solid state, bismuth complexes with dithiooxamides are 
much less stable than those of antimony; decomposition, 
even when sealed under vacuum, was a constant feature of 
all solid bismuth adducts.
Principal i.r. bands are listed in Table 2.3.1. 
Assignments are based on those used by Desseyn and 
Herman115-117. Of particular interest are the changes in 
v (CS) and v(CN) bands on complexation. Conclusions reached 
on the question of possible donor sites are based on these 
changes in i.r. spectra. (N.B. The bands rarely represent 
pure vibrational modes and assignments are only indicative 
of the major constituent of a particular band.l A shift 
to lower frequency of the composite thioamide IV band*
(~ 870 cm-1 and with a high v(CS) contribution) accompanied 
by a corresponding shift to higher frequency of the thio­
amide I band (■« 1520 cm-1 and with a major v (CN) 
contribution) is a confirmation of the donor role of (S)- 
atoms. The shift to higher frequency of the thioamide I 
band may be accompanied by a shift to higher frequency 
of the v(NH) band (^  3160 cm-1). In the spectra of the 
free ligands, the v(CN) band (^  1520 cm 1) is a mass- 
sensitive band which shifts to lower frequency with 
increasing substitution at the nitrogen centres. This
*The terms 'Thioamide I Band' and 'Thioamide IV Band' 
are borrowed from Desseyn and Herman1*5.
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T a b l e  2 . 3 . 1  P r i n c i p a l i . r .  b a n d s ( cm” 1 ) f o r  M e t a l  C o m p l e x e s
i . r . ( N u j o l )
Compound v (NH ) T h i o a m i d e  I T h i o a m i d e  IV (MS/MX) (C-O)
( s) v (CN ) (• ) v (CS)(m> ( m ) ( *.bt )
DMDTO 3179 1540 872
S b C l 3 ( DMDTO)t 5 3 2 5 0 , 3 2 6 6 1571 851 3 3 0 , 2 8 7 ,
264
S b B r 3 (DMDTO) s 3222 1563 853 3 0 5 , 2 2 6
B i C 1 3 (DMDTO) 2 (Me2 CO) 3190 1570 8 6  1 2 9 0 , 2 4 5 1695
DEDTO 3166 1523 840
S b C l 3 ( DEDTO) j  5 3 2 1 0 , 3 1 8 0 1 5 7 0 , 1 5 4 3 820 3 2 5 , 3 0 1 ,
262
S b B r 3 ( DEDTO) j  5 3 2 0 0 , 3 1 7 5 1 5 6 6 , 1 5 4 2 823 3 2 5 , 2 0 8
B i C l 3 ( DEDTO) 2 (Me2 CO) 3180 1550 8 0 1 , 8 2 0 240 1695
DIPDTO 3147 1513 890
S b C l 3 ( D I PD T O ) l 5 3160 1542 852 3 5 1 , 3 1 4 ,  
2 9 0 , 2 4 1
S b B r 3 ( DI PDTO) j  5 3163 1528 850 3 7 2 , 2 1 0
B i C l 3 ( DI PD TO ) 2 (Me2 CO) 3160 1540 846 240 1680
DBDTO 3180 1 520 8 8 8
S bC1 3 ( DBDTO) j 5 3182 1539 849 3 1 3 , 2 9 5
S b B r 3 (DBDTO) j  & 3181 1525 845 -
B i C l ( D B D T O ) 2 (MejCO) 3172 1545 825 240 1695
DCXDTO 3150 1507 872
Sb C1 3 ( DCXDTO) x 5 3158 1545 8 5 9 , 8 3 5 3 4 9 , 3 2 8 ,
287
S b B r 3 ( DCXDTO)j  5 3159 15 30 8 5 9 , 8 3 1 -
DBZDTO 3170 1519 874
Sb C1 3 ( DBZDTO)j  5 3172 1534 859 3 5 0 , 3 0 8220
S b B r 3 (DBZDTO) j  5 3160 1 5 3 2 , 1 5 2 0 855 2 8 0 , 2 2 5
B i C l 3 (DBZDTO) 2 3165 1522 850 1680
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band appears at even lower frequencies in the N,N'- 
tetrasubstituted ligand^^^ .
Table 2.3.1 shows that for all antimony(III) 
and bismuth (III) complexes there is a shift, to higher 
energy, of the thioamide I [v(CN)] band, indicative of 
increased C-N bond order; this is accompanied by a 
corresponding shift to lower frequencies, of the 
thioamide IV [v(CS>] band, indicative of decreased C-S 
double bond character. This decrease in double bond 
character implies an electron drain from the sulphur to the 
metal centre hence the conclusion that ligand binding is 
via sulphur.
The shift to higher frequency of v(CN) is much 
greater than the respective decrease of v(CS), i.e. 
the increase in double bond character of v(CN) is not 
compensated by the decrease in that of v(CS). The implica­
tion is that bond order in the C-N bond is maintained 
mainly by delocalisation from the NHR group and is thus 
little affected by changes in C=S. In the i.r. spectra 
of dithiooxamides and their substituted derivatives, a 
band at 1430 cm-1 has been assigned in the past to v(C=S) 
as compared to v (C=0) at 1660 cm 1 *04,118^ if this 
assignment was correct, then this band 1430 cm 1 
would be expected to shift to lower frequency upon sulphur 
coordination, no such shift has been observed with Group (VB) 
complexes so if there is a v(C=S) contribution to this band 
at all, it is very small.
For BiCl^ complexes, there is a consistent band 
at 1695 cm-1 due to inclusion of a molecule of acetone in
79
the crystal lattice as supported by X-ray crystallography.
Assigning peaks in the low energy region of the
spectrum is made very difficult by the range and
multiplicity of modes. v(Sb-Cl) bands appear in the
region 320-350 cm 1 while those of Sb-Br appear
at 210-230 cm-1. v(Bi-Cl) bands appear in the region
below 190 cm 1 which was not investigated. Bands
c — — sassignable to the ring vibrational frequency of ic —  s —
have not been looked into for the same reason. Sb-S 
bands are expected to appear in the region 280-300 cm 1 
while Bi-S bands are expected at 240-245 cm M—S
bands are generally mass-sensitive, so their position is 
generally affected by the metal centre as well as its 
other substituents. In general, bands observed in the 
region below 400 cm 1 comprise metal-halide, metal- 
ligand [v(M-S)] and perhaps some ring deformational 
vibration components (where chelate rings are formed) with 
no clear delineation possible.
For complexes of N,N'-disubstituted dithiooxamides 
the presence of strong v(N-H) bands at 3100-3280 cm * 
is a clear indication that complex formation in neutral, 
non-aqueous solutions does not call for deprotonation 
at the amine centre. This observation is augmented by 
both XH n.m.r. and X-ray crystallographic findings. From
i.r. evidence we can therefore make the following two 
conclusions:
(a) there is no deprotonation of the amine centre 
of dithioxamides on complexation;
(b) for Group (VB) halides, the ligand binds
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the metal through the sulphur.
Once sulphur coordination has been established, chemical 
intuition backed by considerations of the chelate 
stabilisation effect has led to the assumption that cis 
(S,S)-chelate formation rather than (S,S)-bridging would 
be the preferred bonding mode. The structural resolution of 
some of these Group (V) complexes namely SbCl-j.DEDTC^
SbCl^•DIPDT01 5 and BiCl3.DEDTC>2 shows that both bonding 
modes are possible depending on the particular metal 
centre.
1H n.m.r. spectra are given in Table 2.3.2.
~H n.m.r. Spectra of the Ligands:
The spectrum of DMDTO (R = -CH-j) shows a broad,
2H singlet at 6 10.47 for the amide protons indicating 
an exchange process and hence no coupling is expected for 
-N-H with the CH3 protons. In CDC13, the 6H peak for 
-CH3 protons centred at 6 3.30 appears as a doublet and 
not a singlet because of the restricted rotation along 
the amide [SC-N(H)CH3] bond caused by the partial 
double bond character.
I t  a p p e a r s  t h a t  t h e  tw o  S C N ( H ) C H 3 m o i e t i e s  a r e  ' e q u i v a l e n t '  
i n  C D C 1 3 . T h e  s p e c t r u m  o f  t h i s  l i g a n d  i n  d ^ - a c e t o n e  
s h o w s  f u r t h e r  s p l i t t i n g  o f  t h e s e  p e a k s  i n t o  a q u a r t e t .
T h e  s p e c t r u m  o f  D ED TO  s h o w s  t h e  b r o a d ,  a m i d e ,  2H s i n g l e t  a t  
6 1 0 . 2 8 ,  a 4H m u l t i p l e t  f o r  t h e  - C H 2 ~ p r o t o n s  d u e  t o  
s p i n - s p i n  c o u p l i n g  w i t h  t h e  - C H 3 p r o t o n s  f u r t h e r
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complicated by 'amide rotation' as discussed above; and a
6H triplet at 6 1.39 which is fairly well resolved
presumably because the -CH3 protons are at least two bondlengths
away from the S-CN moiety and are much less affected
by any changes in amide double bond character. The
isopropyl species DIPDTO shows a 12H doublet for the -CH3
protons at 6 1.37 due to spin-spin coupling with the -CH
proton; the 2H resonance (-C-H) at 6 4.48 is a multiplet
complicated by both spin-spin coupling with the methyl
groups as well as amide rotation. The spectrum of the
n-butyl derivative follows the classic pattern: a
6H triplet at 6 1.00 for the -CH,, a 4H sextet at 6 1.47
for the adjacent -CH2-, a 4H pentaplet at 6 1.74 for the
next -CHj-, and a 4H quartet at 6 3.72 for the -CH2~
closest to the NH. The benzyl derivative shows a 10H singlet
at 6 7.35, indicating magnetic equivalence of all the
aromatic protons, and a 4H doublet at 6 4.85 for the -CH2~
d u e  t o  a m id e  r o t a t i o n .  T h e  c y c l o h e x y l  d e r i v a t i v e  sho w s
t h e  c h a r a c t e r i s t i c  c y c l o h e x y l  m u l t i p l e t .  T h e  N - H  p r o t o n
a p p e a r s  as a b r o a d  s i n g l e t  i n  a l l  t h e  l i g a n d s .
*H n.m.r. Spectra of the Complexes:
A s  i s  e v i d e n t  f r o m  T a b l e  2 . 3 . 2 ,  t h e r e  a r e  n o  
c o n s p i c u o u s  c h a n g e s  i n  c h e m i c a l  s h i f t  v a l u e s  f o r  N ( H ) R  
g r o u p s  f o l l o w i n g  c o m p l e x a t i o n .  T h i s  i s  n o t  s u r p r i s i n g  
s i n c e  t h e  s o r t  o f  c h a n g e s  we a r e  a n t i c i p a t i n g  a r e  on 
p r o t o n s  t h a t  a r e  a t  l e a s t  f o u r  b o n d  d i s t a n c e s  a w ay f r o m  
t h e  m e t a l  c e n t r e .  A l s o  t h e r e  a r e  n o  c h a n g e s  i n  m u l t i p l i c i t y .  
T h e r e  i s  e v i d e n c e  t h a t  i n  s o l u t i o n ,  t h e r e  i s  o n l y  w e ak  b i n d i n g  o f  
l i g a n d  t o  m e t a l  ( h e n c e  m i n i m a l  e f f e c t  o n  c h e m i c a l  s h i f t
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values of the alkyl groups). Results from cryoscopic 
molecular weight determinations of some of the antimony(III) 
complexes in benzene, suggest some degree of dissociation 
in solution.
Halide Exchange
SbCl^ complexes with dithiooxamides attack Csl
infrared plates on exposure to air. In a preliminary
investigation, an acetone solution of SbCl^ was added to
a solution of Nal in acetone to give insoluble NaCl and
an intensely coloured reddish brown powder which was not
characterised any further. This is a recognised method
119for Cl * I exchange . We therefore propose the following 
reaction:
SbCl3 + yNal ■ Acetone> sbI^cl(3 + yNaCl
(y = 1, 2, 3)
This reaction occurs even in the solid state; all SbCl3 
complexes give this brown powder when ground with Nal.
This could be a means of preparing mixed halide SbIyClj3 _ 
N,N'-disubstituted dithiooxamide complexes. The recent 
publication of the reaction between complexes of M^II^(LH2)2 
(M = Ni, Pd, Pt) with NaF in the solid state to give 
M^11^ ( L H ) p r o v i d e s  a useful comparison; here the 
apparent reaction is:
2N»2 h f
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infrared plates on exposure to air. In a preliminary
investigation, an acetone solution of SbCl^ was added to
a solution of Nal in acetone to give insoluble NaCl and
an intensely coloured reddish brown powder which was not
characterised any further. This is a recognised method
119for Cl * I exchange . We therefore propose the following 
reaction:
SbCl3 + yNal acetone» SbIyCl(3 _ y) + yNaCl 
(y = 1, 2, 3)
This reaction occurs even in the solid state; all SbCl3 
complexes give this brown powder when ground with Nal.
This could be a means of preparing mixed halide SbIyCl^3 _ 
N,N'-disubstituted dithiooxamide complexes. The recent 
publication of the reaction between complexes of M^II^(LH2)2 
(M = Ni, Pd, Pt) with Nal in the solid state to give 
M^11^ ( L H ) p r o v i d e s  a useful comparison; here the
apparent reaction is;
[
r h n n .»„^NHR 1 2 +
^ n h r
+ 2N«F
RHN
1 ^*C"NR
s„ c ^nhr 1
N'C<*S J
2N*♦ 2MF ♦
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It is unlikely that the reaction between SbCl3 dithiooxamide 
complexes and Nal or Csl will result in the deprotonation 
of the amine centre; but it is likely to be accompanied 
by loss of the ligand since Sbl3 is a poorer acceptor
3*than SbCl
85
2.4 THE CRYSTAL STRUCTURE OF SbClj(DEDTO)  ^ 5
The bright orange crystals of SbCl3(DEDTO)^   ^
belong to the C2/c space group. Crystal data and 
refinement details are given in Table 2.4.1 while 
atomic parameters, bond lengths and angles, and torsion 
angles (SbC13.DEDTO^ 5) are given in Tables 2.4.2,
2.4.3 and 2.4.4 respectively. The structure is polymeric 
(Figure 2.4.1) with SbCl3 units connected by ligand 
molecules which form bidentate bridges to separate 
Sb atoms. In the unit cell, each antimony assumes 
a distorted octahedral environment with bonds to three 
chlorine and three sulphur atoms. The Sb-Cl bond 
distances of 2.340(s), 2.388(3) and 2.381(3) 8 are 
virtually unchanged from those of pure crystalline 
SbCl3 (2.38 8)31. The Cl-Sb-Cl angles lie in the range 
92.4(1)-95.8(2)° as compared with those in the starting 
SbCl3 (94.2-95.7°). Three sulphur atoms approach to the 
metal octahedral positions for a faa-isomer with 
Sb-S distances 3.212(3), 3.396(3) and 3.165(3) 8
reflecting very weak Sb-- S interactions. This is
consistent with the spectral changes observed in i.r.
and *H n.m.r. This loose Sb-- S association is only
significant in the solid state since we cannot rule out 
dissociation to free ligand and antimony trichloride 
in solution.
X 20It has been suggested that the strength 
of the M-S bond formed will be reflected by the change 
in S-C bond length. For a strong M-S bond, C-S should
8 6
get longer on complexation. There is hardly any 
significant change in C-S bond length on complexation 
in the present instance. This again underlines the 
fact that only a very weak bond is formed between DEDTO
and SbCl3> Complexes with cyclic thioethers form a
good comparison:
Sb>yS3C3H6) X = Cl, Br, S3C3Hg = 1,3,5-trithiane121
r\_ w
\i>c' \v/' /-v / JS 0 Okb-@
(a) O*— 7 ©  © o
Molecular arrangement (b)
in SbCl3 (S3C3Hg)
In this structure, the Sb atom possesses the particular 
six coordination similar to that observed in SbCl3.DEDT01 
Antimony is bound to three chlorine (Br) atoms at 2.375 8 
(2.521 8) in a plane above the antimony forming a 
trigonal pyramid with Sb at the apex, and to three 
symmetrically equivalent sulphur atoms with bond distances 
of 3.258 8 (3.347 8); all three sulphur atoms are 
again in a plane below the antimony forming a trigonal 
pyramid with Sb at the apex. This six-coordinate arrangement 
is also observed in SbCl3 (S2C5Hl0>122 <S2C5Hio ”
1,4-dinthiacycloheptane).
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in SbCl3(S3C3H6)
In this structure, the Sb atom possesses the particular 
six coordination similar to that observed in SbClj.DEDTOj^ ^ . 
Antimony is bound to three chlorine (Br) atoms at 2.375 £ 
(2.521 8) in a plane above the antimony forming a 
trigonal pyramid with Sb at the apex, and to three 
symmetrically equivalent sulphur atoms with bond distances 
of 3.258 8 (3.347 8); all three sulphur atoms are 
again in a plane below the antimony forming a trigonal 
pyramid with Sb at the apex. This six-coordinate arrangement 
is also observed in SbCl^(S2C5H10)122 (S2C5H10 -
1,4-dinthiacycloheptane).
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fac
• = CHj
Figure 2.4.2 SbCl3(S2CsH10)
Sb-S 3.13, 3.23, and 3.40 8
These complexes are referred to as 'weak' in respect
of their Sb-S bond lengths and their instability 
other than in the solid state. This description may 
be extended to SbCl3 (S^Hg) S ^ H g  = 1,4-dithiane 
(Sb-S = 3.135, 3.065 8)103. Here we observe an interesting 
structure where the antimony is in a five coordinate 
geometrical environment. Each antimony is bonded to three 
chlorine and two sulphur atoms from separate 1,4-dithiane 
molecules.
The arrangement of atoms has been interestingly 
described as an extremely distorted octahedron whose 
apexes are occupied by one antimony atom and one chlorine 
atom. The two other chlorines and the two sulphur atoms 
form a plane; the apex-chlorine lies 2.071 8 above this 
plane with Sb at 0.273 8 below.
8 8
The above description does not take into consideration 
the structural influences of the lone pair of electrons 
associated with antimony (III) . We would favour a 
description in terms of an octahedral environment around 
the five coordinate antimony with the lone pair occupying 
the sixth position of the octahedron.
The observed distortions in bond angles are consistent 
with the effects of the lone pair as predicted by 
Rule 2 of VSEPR.
With reference to the six-coordinate structure of 
SbCl3(DEDTO) g (Figure 2.4.1), the bond angles show a 
definite distortion from a regular octahedron as might 
be expected given the varied bond lengths. The atom 
S (11) is significantly further away (3.396(3) 8) from 
the metal centre than the other two sulphur atoms Sb-S 
(mean) 3.186 8. We will therefore define an equatorial 
plane with atoms Sb, S(5), Sll1), Cl(3) and Cl(l) which 
is almost planar (maximum deviation 0.08 and mean deviation
0.05 8). In this plane the inter ligand angles S-Sb-S 92.2°, 
and Cl-Sb-Cl 92.4° are greater than those for Cl-Sb-S 
86.5°, 88.8°. The angles involving S(ll) are far more 
distorted from 90° being 85.9, 95.3, 70.5 and 105.0°.
Thus S (11) is significantly tilted from the axial position
ci ci
s
Sb '
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towards Sll1) and away from Cl(l). This could suggest 
that the lone pair is operative between Cl(l) and S(ll) 
but this seems unlikely as it does not fit any obvious 
mode of deformation from 0h symmetry observed when the 
lone pair is stereochemically active. A trigonal 
distortion (C3v> with the lone pair located in the face 
defined by Cl(l), S(ll), S(5) and assuming full stereo­
chemical activity would constitute a seven-coordinate 
system on the VSEPR model5. The resulting molecule 
would have C^v symmetry. The structure of SbCl^(S2C5Hio> 
(Figure 2.4.2), is an analogous structure, wherein the 
antimony does coordinate preferentially with two of its three 
nearest sulphur neighbours. This preferential bonding 
is not the rule because the structure of SbCl3(S3C3Hg) 
shows three symmetrically equivalent sulphur atoms.
The rationale by Schmidt et al.122 that Sb(III) can 
achieve an enhanced bonding situation via a coordination 
increase from five to six to form linked distorted 
octahedra at the expense of stereochemical involvement 
of the lone pair of electrons seems equally applicable 
to the SbCl^.(DEDTO)3 5 case. Because of steric 
interactions between the ligands and the general bulkiness 
of DEDTO and other similar ligands, significant crowding 
of the Sb(III) environment might reasonably be expected 
should the ligand be more closely attached. As it is, 
there are no significant intermolecular contacts 
between the ligands and the SbCl3 unit.
As is apparent in Figure 2.4.1 there are two poly­
meric chains of (SbCl3U n which are connected by an additional
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ligand over centres of symmetry. It is probably significant 
that this additional ligand is more weakly bound than the 
other two although we cannot find any non-bonded contacts 
to account directly for this increased value.
It is interesting that the Sb-S-C angles are 100.8(4), 
90.4(3) and 102.8(3)°, roughly what one might expect if the 
Sb-S bonds were far shorter. This supports our view that 
the Sb-S interactions represent bonding even though it may 
be of a very weak nature. The conformations of the two 
ligands are very similar in that they are both trans with 
S-C-C-S torsion angles of -173.3(1) and 180°. Also the 
S-C-N-C angles are oa. 0°, being -1.2 and -3.7°. (So 
the ligand maintains its planar structure within the 
complex.) This should bring the -NHR proton fairly close 
to the other sulphur atom in the ligand; however, the 
geometry is still not suitable for a hydrogen bond,
despite S---N, S-- H distances of 2.9 and 2.4 8, since
the angles C-S---H and N-H-- S are 71.1 and 115.7°
respectively. The only difference in conformation 
between the two ligands involves the position of the last 
carbon atom C(4). Torsion angles C (5)-N(6)-C(7)-C (8) 
and C (11)—N (12)—C (13)-C(14) are 167.8 and 117.0° 
respectively.
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T a b l e  2 . 4 . 1  C r y s t a l  D a t a  a n d  R e f i n e m e n t  D e t a i l s  f o r  S b C l ^ . DEDTOj  ^ and S b C 1 ^ . DIPDTO( r
Compound S b C l j . D E D T O 1 5 S b C l j . DIPDTOj
Fo r mul a C9 , , ! 8 C 1 3N3S 3Sb C 12M24C 1 3N 3S 3SI
M 4 9 2 . 4 534 . 1 3
C r y s t a l  c l a s s M o n o c l i n i c R h o n b o h e d r a 1
S p a c e  g r o u p C 2 / c
A b s e n c e s ( h , o , 1  ) , 1 = 2 n + 1 (h , k , 1  ) , h ♦ k - None
2 n ♦ 1
a (Si 3 0 . 8 4  ( 1) 1 1 . 8 0  1 )
b (8 ) 9 . 3 7  ( 1) 1 1 . 8 0  ( 1 )
c  (8 > 1 3 . 9 6  ( 1) 1 1 . 8 0  ' 1 1
, ( ° ) ( 9 0 ) 6 0 . 1  i l l
, ° ) 1 0 7 . 0  (1) 6 0 . 1  ( 1 )
. ( ° ) ( 9 0 ) 6 0 . 1  > 1 )
L* <S3> 3 8 5 7 . 8 1 1 6 4 . 4
z 8 2
- 1i cm 2 1 . 6 1 7 . 9 6
D (g cm 3 ) m 1 . 70
n o t  p o s s i b l e
Dc  (g cm 3 ) 1 . 7 0 1 . 53
(8 ) 0 . 7 1 0 7 0 . 7 1 0 7
F ( 00 0 ) 1 944 534
C r y s t a l  s i z e  (mm) 0 . 5  x  0 . 5  x 0 . 5 5 0 . 5  x 0 . 7  x 0 .
R o t a t i o n  a x i s C ( 1 1 0 )
2 0  ( ° ) 50 50max
Number o f  d a t a m e a s u r e d 3 , 7 8 3 3 , 6 1 8
Number o f  d a t a u s e d i n  r e f i n e m e n t 1 , 9 9 1 1 , 0 8 9
C r i t e r i o n  f o r d a t a i n c l u s i o n 2 .i (X) 3 « 1 )
F i n a l  R v a l u e 0 . 0 5 5 0 . 0 6 8
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T a b l e  2 . 4 . 2  ( a )  A t o m i c  C o o r d i n a t e s  ( x  10 4 ) f o r  SbC 1 , .  DEDTO, 5  w i t h  E s t i m a t e d
S t a n d a r d  D e v i a t i o n s  i n  P a r e n t h e s e s
ATOM X Y 7.
SB 11 0 9  ( 0 ) 1 9 5 2 (  1) -  1 8 5 3 (  0 )
S ( l ) 131 1 ( I ) 5 2 4 (  3) 19 3 8 (  2)
S ( 5 ) 4 9 0  ( 1 ) - 1 7 8 (  3) -  1 0  1 2  ( 2 )
c m 9 6 2  ( 3) 6 1 8 (  9) 9 2 7 (  7)
N ( 2 ) 6 3 0  ( 3) 1 5 1 4 (  9) 8 1 3 (  6 )
C ( 3) 6 0 0  ( 5) 2 6 2 ( 1 3 ) 1 5 5 8 ( 1 0 )
C ( 4 ) 2 2 4  ( 5) 3 5 7 7 (  14) 1 0 9 8  ( 1 3)
C ( 5 ) 9 1 2  ( 3) -  392 (  9) 4 9 ( 6  )
N ( 6 ) 1 2 2 2  ( 3) - 1 3 5 8  ( 9) 1 9 1 (  6 )
C ( 7) 1 2 5 8  ( 5) - 2 4 5 6 ( 1 2 ) - 5 0 4 (  9)
C ( 8 ) 1 6 8 7  ( 5) - 3 1 9 1 ( 1 3 ) - 2 5 3 ( 1 1 )
S ( l l ) 21 1 3 ( 1 ) 5 7 5 (  3) - 4 5 4  ( 2)
C ( l l ) 24 7 1  ( 3) 1 9 1 9 ( 1 0 ) -  3 9 8  ( 6 )
N( 1 2 ) 2 7 2 8  ( 3) 2 0 9 4 (  9) - 9 9  3(  6 )
C ( 1 3) 2 7 6 7  ( 7) 1 1 2 0 ( 1 5 ) - 1 7 6 9 ( 1 1 )
C ( 1 4 ) 2 6 1 9  ( 5) 1704 ( 14) - 2 7 5 0 (  9)
CL (2) 4 6 2  ( 1 ) 2 2 8 1 (  3) - 3 2 1 4  ( 2 )
CL ( 3) 1 5 5 5  ( 1 ) 3 5 7 9 (  3) - 2 4 8 7 (  3)
CL (1) 9 2 2  ( 2 ) J728 ( 4) - 8 2 1  ( 3)
(b)  A t o m i c  C o o r d i n a t e s  ( x  
S b C l 3 . DIPDTOj  #5  w i t h
1 0 5  f o r  S b ,  x  1 0 4 
E s t i m a t e d  S t a n d a r d
f o r  o t h e r  a t oms )  f o r  
D e v i a t i o n s  i n  P a r e n t h e s e s
ATOM X Y Z
SB ( 1 ) 2 3 3 3 5 (  7) 2 3 3 3 5 (  7) 2 3 3 3 5 (  7)
S ( 1 ) 52 5 9 (  2) 5 2 0 (  3) 2 8 2 9 (  2 )
CL ( 1 ) 3 6 8 5  ( 3) 161 3 ( 3) 3 1 2 1 (  3)
c m 5 3 7 3 (  8) 4 2 5 (  8 ) 4 2 7 9 (  9)
N ( 1 ) 6 0 9 5 (  8 ) 1 0 1 9 (  8 ) 4 2 9 7  ( 8 )
C ( 2 ) 6 8 8 3 ( 1 0 ) 1 9 3 0 ( 1 0 ) 3 0 7 2 ( 1 0 )
C (3) 6 3 7 1  ( 11 ) 1 0 5 2 ( 1 1 ) 2 4 5 6 ( 1 1 )
C ( 4 ) 6 8 6 9 ( 1 4 ) 2 9 8 8 ( 1 3 ) 3 4 9 7 ( 1 4 )
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T a b l e  2 . 4 . 3  Bond L e n g t h s  (8 ) a n d  a n g l e s  ( ° )  i n  S b C l , . DE DT O.  ( a )  and 
S b C l 3 . DIPOTOj 5  ( b )  J 1 , 5
( a )  M e t a l  C o o r d i n a t i o n  S p h e r e  i n  SbCl - j . DEDTOj  &
SB - CL ( 2)
SB - CL ( 3)
SB - CL ( 1)
SB - S (  5)
SB - S ( 1 1)
SB - S ( l * )
CL ( 2 ) - SB
CL ( 2 ) - SB
CL (3) - SB
CL ( 2 ) - SB
CL ( 1 ) - SB
CL ( 3) - SB
CL ( 2 ) - SB
S ( 5) - SB
S ( 5) - SB
CL ( 2 ) - SB
CL( 3 ) - SB
S ( 11 ) - SB
s  ( 1 1 ) - SB
CL ( 1 ) - SB
CL( 3 ) - SB
LIGAND DIMENSIONS IN Sb C l j . DE DT Oj  5
S ( 1 ) - c m
S ( 5) - C ( 5)
C ( 1 ) - N ( 2 )
c m - C ( 5)
N ( 2 ) - C ( 3)
C ( 3) - C ( 4 )
C (5) - N ( 6 )
N ( 6 ) - C ( 7 )
C (7) - C ( 8 )
S ( l l ) - C ( 11 )
C ( l l ) - N ( 12 )
C ( l l ) - C U 1 * M
N ( 12) - C ( 1 3)
C ( 1 3) - C ( 1 4 )
2 . 3 4 0 (  3) 
2 . 3 8 8 (  3) 
2 . 3 8 1 (  3)  
3 . 2 1 2  ( 3) 
3 . 393  ( 3) 
3 . 1 65 ( 3)
- C M 3 ) 93
- CL ( 1) 95
- CL ( 1) 92
- S ( 1 * ) 8 8
- S ( 5 ) 8 6
- S ( 5) 178
- S ( 5 ) 85
- S ( l l ) 95
- S U M 92
- S i l l ) 159
- S ( i l ) 85,
- CL ( 1 ) 104 ,
- S ( 1 M 70,
- S ( 1 M 175.
- S U M 8 8 .
1 . 6 6 8  ( 9)  
1 . 6 7 3 Í  9)  
1 . 2 8 9 ( 1 1 )  
1 . 5 2 3 ( 1 3 )  
1 . 4 9 3 ( 1 4 )  
1 . 4 7 0 ( 1 7 )  
1 . 2 9 3 ( 1 1 )  
1 . 4 6 2 ( 1 3 )  
1 . 4 6 4  ( 17 )  
1 . 6 6 0 ( 1 0 )  
1 . 3 2 3 ( 1 1 )  
1 . 5 2 9 ( 1 3 )  
1 . 4 2 8 ( 1 5 )  
1 . 4 2 6 ( 1 9 )
. 5 0 ( 1 3 )  
. 7 9 ( 1 7 )  
. 4 1 ( 1 2 )  
. 7 3 ( 1 0 )  
. 4 6 ( 1 4 )  
5 9 ( 1 0 )  
5 1 ( 1 0 )  
3 4 ( 0 7 )  
20 ( 07 )  
2 7 ( 1 0 )  
9 2 ( 1 0 )  
9 9 ( 1 2 )  
5 4 ( 0 7 )  
2 2 ( 11 ) 
8 2 ( 1 0 )
(cont inucd)(a) Metal Coordination Sphere in SbClj.DEDTOj ^
SB - Si 1) - Ci 1 ) 100.8( 4)
SB - Si 5) - Ci 5) 90.4 i 31
SB - sill) - Cill) 102.8« 3)
s < n - Ci 1) - Ci r>) 120.6« 6)
N (2) - Ci 1) - Ci 5) 114.41 7)
c m - N ( 2) - Ci 3) 1 24. 6 ( 8 )
N (2) - Ci 3) - Ci 4) 109.4(1 1 )
S (5) - Ci 5) - Ci 1 ) 120.4( 6 )
S (5) - Ci 5) - N ( 6 ) 124.74 6 )
C< 1) - Ci 5) - N ( 0) 113.9« 7)
C (5) - N ( 6 ) - Ci 7) 1 25. 1 ( 8 )
N (6 ) - C< 7) - Ci 8) 1 1 2 . 6  r 9)
Sill) - C(ll) - N ( 1 2 ) 1 2 5 . 6 ' 7)
C ( 1 1) - N C1 2) - C ( 1 3) 1 2 5 . 1 ( 10)
N( 12) - Ci 13) - C ( 1 4 ) 1 1 3 . 3( 1 1 )
Sill) - Cill) - Cill**) 120.Si 7)
Ci 1 ! • • ) “ C (1 1) - N( 12) 11 4 . 1 ( 8)
* * * r e f e r t o  t h e f o l l o w i n g s y mme t r y  e l e m e n t s :
* x ,  - y ,  S ♦ z 
** S -  x, S -  y# -*
( b )  SbC 1 j . D IPDTOj  5
SB ( 1) - C L i  1) 2 . 4 1 3  ( 2 )
S B ( i ) - S i  1) 3 . 1 9 7  ( 5)
S ( 1 ) - C i  1) 1 . 7 2 6 (  9 )
c m - N ( 1) 1 . 3 5 9 ( 1 2 )
C ( l * ) . - c m 1 . 5 3 7 ( 1 6 )
N i l )  . - C ( 2 ) 1 . 4 8 8 ( 1 2 )
C ( 2 ) - C i  3) 1 . 5 3 3 ( 1 4 )
C ( 2 ) - C ( 4 ) 1 . 5 5 2 ( 1 6 )
s  ( 1 ) - SB CL  ( 1) 7 9 . 2 ( 1 8 )
S ( 1 ) - SB C L ( 1 * * ) 8 9 . 6 ( 1 8 )
S i l ) - SB C L ( 1 * * * ) 1 7 1 . 5 ( 1 6 )
s  ( 1 ) - SB S< 1 * ) 9 8 . 6 ( 1 4 )
CL  ( 1 ) . SB C L ( I * * ) 9 2 . 5 (  2 )
(b) SbC13.DIPDTO J 5 (Continued)
S I I ) - C( 1 ) - C< 1 *) 1 1 9 . 0 ( 6 )
N ( I ) - c< 1 ) - c< 1 *) 1 1 3 . 9  ( 6 )
C d ) - N ( 1 ) - c< 2 ) 1 2 6 . 3 ( 8 )
N ( 1 ) - C< 2 ) - C( 3) 1 1 0 . 1  < 7)
N d ) - c< 2 ) - C( 4) 1 0 9 . 8( 8 )
C(  3) - C( 2 ) - C( 4) 1 1 1 . 0 ( 9)
T a b l e  2 . 4 . 4 T o r s i o n  A n g l e s  ( ° )  f o r  S b C l j . DE DT C ^  5
S (  1) “ c< 1) " N< 2) Ci 3) 1 . 0
S< 1) - c< 1) - C< 5) - C< 5) - 1 7 3 . 3
S U ) - c< 1) - C( 5) - N ( 6 ) 4 . 8
N ( 2) - C( 1 ) - C< 5) - N ( 6 ) - 1 7 4 . 7
N ( 2) - C( 1) - C( 5) - S< 5) 7 . 2
S< 5) - C( 5) - N ( 6 ) - C< 7) - 1 . 2
C(  1) - N ( 2) - C( 3) - C( 4) 170 . 1
C(  5) - N ( 6 ) - C< 7) - C( 8) 1 6 7 . 8
S < I I * * ) - C i l » * * ) - C( 1  1 ) - S U D 1 8 0 . 0
S ( l l ) - C ( l l ) - N ( 1 2) * e u  3) - 3 . 7
C ( 11 ) _ N ( 12) . C( 1 3) _ C ( 1 4 ) 1 1 7 . 0
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2.5 THE CRYSTAL STRUCTURE OF SbCl^(DIPDTO)i_5
Figure 2.5.1 shows a portion of the molecular 
structure of SbCl3(DIPDTO)x 5, Tables 2.4.2(b) and 
2.4.3(b) show the atomic positions, and bond lengths and 
angles, respectively. The structure is polymeric and 
the metal atom has crystallographically imposed three-fold 
symmetry. The unique Sb-Cl distance (2.413(2) 8) is a little 
longer than those found in either pure SbCl3 (2.38 8) 12® 
or SbCl3DEDT01 5 (2.340, 2.388, 2.381 8) but comparable 
to Sb-Cl distances in the five coordinate structure of 
SbCl3(dmit)26. The three Cl-Sb-Cl angles are all 92.5(2)°.
Considering the geometry around the metal centre, 
three sulphur atoms approach to the metal octahedral 
positions for a fac isomer. The unique Sb-S distance
(3.197(5) 8) reflects very weak Sb-- S interactions similar
to those found in adducts of SbCl3 with cyclic thioethers 
already described, and SbCl3DEDT01 3 (Sb-S distances 3.1-3.4 8) 
There is no indication that the lone pair is stereochemically 
active. The C-S bond in SbC^DIPDTO^  ^ (1.726(9) 8 is a 
little longer than the corresponding bond in the free ligand 
(1.680 8). Since the lengthening of a C-S bond has 
been interpreted to indicate greater Sb-S interaction, it 
is not unreasonable to suggest that the Sb-S bonds in 
SbCl3DIPDT01 5 may be stronger than in SbC^DEDTO^ j.
The polymeric nature of SbCljDIPDTOj 5 is 
unique for this type of Sb(lII) adduct. Starting off the 
description from one antimony atom; then the metal is 
bonded to three sulphurs from three different ligands.
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Figure 2.5.1 The Crystal Structure of SbCl-j .DIPDTC^ 5
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Each ligand has a crystallographically imposed centre 
of symmetry and each symmetry related sulphur is then 
bonded to a different SbCl3 moiety. The resulting 
polymer is three dimensional. The structure is in sharp 
contrast with that of SbC13•DEDTO^ 5 where two polymeric 
chains are connected by an additional ligand over centres 
of symmetry (Figure 2.5.2).
The Sb-S-C angles (117.1(5)°) are rather 
longer than those found in SbCl^DEDTC^  ^ 110.8(4),
90.4(3), 102.8(3)° but still roughly what would be 
expected if the Sb-S bonds were far shorter. We suspect 
that these variations are due to the steric requirements of 
the polymer chains and do not indicate any difference in 
the bonding. The ligand retains its trans-conformation.
Figure 2.5.2 (a) The two dimensional polymer in
SbC13.DEDTO 5
— L
—  L'
L —
L—
(b) The three dimensional polymer in 
SbCl3.DIPDT01 5
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2.6 REACTIONS OF DITHIOOXAMIDES WITH
GROUP IV HALIDES
As with their Group (VB) counterparts, the 
TiCl^ and SnX4 (X = Cl, Br) complexes were all prepared 
by dropwise addition of the N,N’-disubstituted dithiooxa- 
mide ligand to the metal halide in benzene. The resulting 
1:1 adducts were purified by successive washing with 
benzene and pumping -in vacuo. All adducts were extremely 
air/moisture sensitive, the titanium ones being perhaps 
more so than their tin counterparts, and had to be handled 
either under nitrogen or under vacuum. Decomposition to 
black or brown solids without melting was observed for 
all complexes on heating under nitrogen. The complexes 
were generally insoluble in most non-polar solvents. Poor 
solubility in non-coordinating solvents greatly limited 
solution studies. Conductivity measurements in MeCN 
solutions over a range of concentrations, showed that the 
complexes were non-conducting.
The complexes are listed with their principal
i.r. bands in Table 2.6.1 with assignments following
98 115those of Dessyn and Herman ' . The thioamide I
band (* 1540 cm 1 and with a high v (CN) contribution) 
shifts to higher frequencies by 30-50 cm-1. This is 
accompanied by a smaller shift in the thioamide IV band 
(v 870 cm 1 and with a high v(CS) contribution) to 
lower frequencies. This, as previously discussed, is 
consistent with sulphur coordination to the metal. The 
one notable difference between i.r. spectra of dithiooxamide
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T a b l e  2 . 6 . 1 P r i n c i p a l  i . r . B a n d s  ( cm 1 ) f o r  M e t a l C o m p l e x c s
Co mp o u n d v(NII)(* )
T h i o a m i d e  I 
v . ( C N ) „ ,
T h i o a m i d e  IV (MS) / ( MX>
(m )
DMDTO 3179 1540 872
S n C l 4 (DMDTO) 3239 1 5 8 3 , 1 5 7 0 865 31 1
S n B r 4 (DMDTO) 3205 1 5 8 8 , 1 5 7 1 858 220
T i C l 4 (DMDTO) 3 2 5 5 * 3 1 4 0 1 5 6 6 , 1 5 5 3 802 400,371,340
DEDTO 3166 1523 840
S n C l.(DEDTO) 4 3 2 4 0 . 3 2 0 1 1 5 7 3 , 1 5 5 8 8 0 3 , 8 2 1 3 10
S n B r 4 (DEDTO) 3150 1558 8 0 0 , 8 2 1 322,210
DIPDTO 3147 1513 890
S n C l 4 (DIPDTO) 3 2 4 5 . 3 1 7 8 1 5 5 0 , 1 5 3 8 844 328,297
S n B r 4 (DIPDTO) 3195 1540 846 -
T i C l 4 (DIPDTO) 3235 1 5 5 0 , 1 5 3 5 851 390,344
DBDTO 3180 1520 890
S n C l 4 (DBDTO) 3 2 3 0 . 3 1 8 1 1 5 7 5 , 1 5 5 0 861 346.307
S n B r 4 (DBDTO) 3170 1564 865 -
T i C l 4 (DBDTO) 3 2 5 8 . 3 1 8 0 1578 8 6 8 4 0 0 , 3 5 3  
3 1 4 , 2 5 5
DCXDTO 3150 1507 872
S n C I 4 (DCXDTO) 3160 1545 835 3 1 0 , 2 8 6 , 2 4 7
S n B r 4 (DCXDTO) 3200 1 5 4 5 , 1 5 3 0 836 -
T i C l 4 (DCXDTO) 3178 1 5 5 6 , 1 5 4 0 835 3 9 1,3 4 8 , 3 1 9
DBZDTO 3170 1519 874
SnC1 4 (DBZDTO) 3140 1542 847 3 3 5 , 3 2 0 , 2 8 6
S n B r 4 (DBZDTO) 3140 1 5 4 0 , 1 5 2 0 820 -
T 1 C 1 4 (DBZDTO) 3170 1545 844 3 9 2 , 3 7 1 , 3 2 2
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T a b l e  2 . 6 . 2  l ll n . m . r .  D at a  C D C l j  S o l u t i o n s
(ppm)  w i t h  r e s p e c t  t o  TMS (■' = 0)
Compound Nil s , b r Cll m ci i 2 Cll2  m Cll2  m Cl l3 -o. ~0 -
DMDTO 1 0 . 4 7 3.  30 d
SnC 1 4 . DMDTO - 3 . 4 6  d
SnBr . . DMDTO 4 - 3 . 2 9  d
Ti Cl . DMDTO 4 1 0 . 3 3 3 . 3 0  d
DEDTO 1 0 . 2 8 3 . 7 6  m 1 . 39 t
S n C l 4 DLDTO 1 0 . 0 7 3 . 9 0  m 1 . 4 2  t
SnBr^DEDTO 1 0 . 2 7 3 . 7 4  m 1 . 3 7  t
DIPDTO 1 0 . 1 7 4 . 4 8 1 . 37 t
SnC1 4 . D I PDTO 9 . 7 1 4 . 5 7 1 . 5 0  t
S n B r 4 .DIPDTO 1 0 . 1 0 4 . 4 9 1 . 36 t
T i C l 4 .DIPDTO 1 0 . 1 2 4 . 4 6 1 . 36 t
DBDTO 1 0 . 2 7 3 . 7 2  m 1 . 7 4 1 . 4 7 1 . 0 0  t
S n C l 4 DBDTO 9 . 9 4 3 . 9 3  m 1 . 8 7 1 , 4 8 1 . 0 0  t
S n B r 4 DBDTO 10 . 3 1 3 . 71  m 1 . 7 4 1 . 4 7 0 . 2 8  t
T i C l 4 DBDTO 1 0 . 2 8 3 . 7 0  m 1 . 7 4 1 . 4 7 0 . 9 8  t
DBCDTO 1 0 . 44 4 . 8 5  d 7 . 3 5
SnC1 . DBZDTO 4 1 0 . 3 3 5 . 0 4  d 7 . 4 2 ,  7 . 32
S n B r 4 DBZDTO 1 0 . 4 9 4 . 8 6  d 7 . 3 6
T i C l 4 DBZDTO 1 0 . 4 2 4 . 8 5  d 7 . 3 3
DCXDTO 1 0 . 34 4 . 2 6 - 1 . 46
S n C l 4 DCXDTO 9 . 6 4 4 . 2 5 - 1 . 44
S n B r 4 DCXDTO 10 . 31 4 . 2 6 - 1 . 44
T i C 1 4 DCXDTO 1 0 . 2 7 4 . 1 4 - 1 . 44
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complexes of Group (IV) and those of Group (VB) is that
observation that v(CN) and v(CS) bands are split has been 
used previously as the basis for assigning complexes to a 
are-(S,N)-chelate bonding mode98'100'123-125. The X-ray 
crystallographic resolution of the (S,S)-chelate, 
SnBr4DBDTO, which will be described in the next section, 
has shown that this is not necessarily the case. It is 
interesting to note that despite the splitting, MX4 
complexes show v (CN) and v(CS) shifts which are consistent 
with (S,S)-coordination. The splitting of these bands 
is perhaps best attributed to some lattice effects which 
result in changes in local site symmetry.
complexes is that all are split into two or three characteristic 
peaks. From the crystal structure of SnBr4 (C4Hg(H)NCSCSN(H)C4Hg), 
we know that the ligand adopts a ois-(S,S)-chelate bonding 
mode in the complex. This makes it possible to have 
geometric isomers:
the former show multiple character in the v(NH) 3000-3200 cm 
v(CN) 1560 cm 1 and v(CS) 800-870 cm 1 regions. The
An interesting feature of the N-H bands of the MX4
/M
\  — N<
S
Geometrical isomerism has been previously suggested as 
one of the possible reasons for the splitting of the 
v (NH) bands. If this was the case, then all ci8 -(S,S)- 
complexes of dithiooxamides would be expected to feature 
multiple character in the v(N-H) region. The i.r. 
spectrum of the (S,S)-chelate, BiCl3 (DEDTO)2* does not 
show this feature. Indeed none of the other Bismuth(III) 
dithiooxamide chelates have this feature. I.r. spectra 
of TiCl4 and SnCl^ chelates with the oxygen analogues 
of dithiooxamide, also exhibit single intense v(NH) 
bands. It is therefore unlikely that the split in the 
N-H stretching frequency is due to geometrical isomerism 
and an explanation in terms of lattice packing effects is 
favoured.
In the low energy region of the spectrum (400-200 cm 
a series of strong M-X stretches are observed. For an 
octahedral arrangement of atoms around the metal involving 
ligand (S,S)-chelation, four v(M-X) bands are expected.
M-S bands are also expected to appear in this region. 
Therefore, although a number of bands are observed, it is 
not clear as to what the major contributing groups are.
*H n.m.r. spectra of the complexes are presented in 
Table 2.6.2. The data for ligands are included for 
comparison. There are hardly any significant changes 
in the spectra of the ligands on complexation. From 
the relative shifts of v(CN) and v(CS) in i.r. spectra 
it is not unreasonable to conclude that changes in the 
C-S bond do not affect the C-N bond very much and thus 
electronic changes in the N-H proton environment are expected
to be minimal which is what we observe. Any protons 
on the alkyl substituents of the nitrogen are not likely 
to be much affected by complex formation.
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2.7 THE CRYSTAL STRUCTURE OF BiCl^-DEDTO,
Figures 2.7.1 and 2.7.2 show the molecular 
architecture of BiCl^.DEDTOj. Crystal data and refinement 
details of BiClj.DEDTOj and SnCl^.DBDTO are given in 
Table 2.7.1. Atomic positions, and bond lengths and 
angles, are given in Tables 2.7.2 and 2.7.3 respectively.
The structure is monomeric containing discrete molecules 
of BiClj.Lj and solvent (acetone) in the lattice. The 
two ligands are bound as (S,S)-bidentate chelates to the 
metal.
The bismuth atoms are seven-coordinate being 
bonded to three chlorine atoms and two bidentate DEDTO 
ligands. The metal environment is almost ideal pentagonal 
bipyramidal with two chlorines in the axial positions and 
one chlorine andthe two bidentate DEDTO ligands in the 
equatorial plane. The metal atom and the five donor 
atoms are closely planar (deviations Bi -0.04, Cl(3) 0.04,
S (4) 0.12, S (5) -0.08, S (6) 0.05, S(7) -0.10 8). The 
largest deviations, those of S(4) and S(7) are concomitant 
with the smallest equatorial angle S(7)-Bi-S(4) 66.5(3)°,
and are clearly required to increase the S(4)-- S(7) non-
bonded contact to a reasonable value. The Bi-S bonds for 
these atoms are longer (Bi-S(4) 3.042(11), Bi-S(7) 2.977(10) 8) 
than those for the sulphurs aia toCl(3), viz. Bi-Cl(5) 
2.818(13), Bi-Cl(6) 2.910(12) 8 . The Bi-S-C angles also 
fall into two groups with Bi-S(4)-C(41), Bi-S(7)-C(71) 
considerably smaller at 91.1(12), 95.8(15)° than the other 
two (Bi-S(5)-C(51), 106.1(14), Bi-S(6)-C(61) 106.8(12).
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Figure 2.7.1 The Crystal Structure of BiClj.DEDT02
C(M)C(53K ^  '*
Figure 2.7.2 The Structure of BiCl,.DEDT02 showing 
(a) Hydrogen bonding to acetone (b) The equatorial plane
Table 2.7.1 Crystal Data and Refinement Details for SnBr^.DBDTO and BiCl^.DKDTO^
Compound ( I ) (II)
Fo r mu l a
M
C r y s t a l  C l a s s  
S p a c e  q r o u p  
A b s e n c e s
a (A) 
b (A)
c  (A)
h°)
IMA3 )
F ( 00 0 )
/.
D«i
Dc
u ( c m *)
1
C r y s t a l  S i z e  (mm) 
R o t a t i o n  A x i s  
2 0  max ( ° )
Number o f  d a t a  m e a s u r e d
Number o f  d a t a  u s e d  i n  
r e f i n e m e n t
S n B r . L 1 , I /  3 d  11 4 6
C J ->l*22N 2S*2S n Iir
<.*M,. { 1
6
4
M o n o c l i n i c
C2/c
h k l ,  h ♦k - 2 n ♦ I 
hO 1 , 1 * 2 n + I 
OkO,  k = 2n ♦ I 
2 0 . 7 6 6 ( 1 5 )
2 1 .24 5(1 5)
14.835(9)
91.4(1)
6542.9 
3792
I 2
2.09 
2.04 
91.1 
0.7107
8.5*0.65*0.5
40
3210
1247
B i C l i  <L2 ) 2
C l 5 n 30N4S 4
7 2 5 . 8
. (Cl! 
l i i C l
3>20
,0
Monoc  l i m e
! i ( ‘ 1 , 1 2 n » I
OkO , k-- 2r. « I
10.568(9)
8.780 9)
30.086( 15 >
1 0 1 . 2 ( 1 )
2737.9 
14 16 
4
I . 76 
I . 76 
6 7 . 2  
0 . 7 1 0 7  
0.6 * 0.6 * 0.5 
( 1 1 0 ) p l a n e s  
50
86 8 7  (2 q u a d r a n t s )  
2 34 I
C r i t e r i o n  f o r  d a t a
I n c l u s i o n  I * 2 :  ( 1 ) 1 > ( I )
Final R value 0.10 0.08
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T a b l e  2 . 7 . 2
4
A t o m i c  C o o r d i n a t e s  (x 10 ) 
D e v i a t i o n s  i n  P a r e n t h e s e s
. -»i h ü ’ i i. warn» . ,  w i th e s t  i ma t e d  S t a n d a r d
ATOM X Y Z
Dl 10 ( 1 ) I 8 9 4 i  2) 3726  ( 0
C H I ) - 1 2 9 2 ( 1 3 ) 2 0 5 5 ( 1 9 ) 4 387 ( 4
CL ( 2 ) 1 3 8 7 ( 1 1 ) 1 67 3 ( 1 7) 30 54 ( 3)
CL(  3) - 1 6 1 9 ( 1 3 ) - 2 1 3 ( 1 5 ) 1 127 ( 4 )
S ( 4 ) 2 3 2 4 ( 1 2 ) 2 7 2 4 ( 1 5 ) 4 4 58 ( 4>
S ( 5 ) 1126 ( 13) - 8 3 8 ( 1 6 ) 4 1 0 9  ' 4 '
S ( 6 ) - 2 0 5 0 ( 1 1 ) 3 4 6 5 ( 1 3 ) 3 1 1 4 ( 4 )
S ( 7) 560  ( 10) 5 2 2 0 ( 1 2 ) 37 8 6  f 3
C (4 1 ) 2 0 2 9 ( 3 4 ) 1 2 4 1 ( 4 6 ) 4 7 8 0  ( 1 2
N ( 42 ) 1 7 1 0 ( 3 3 ) 1 3 2 4 ( 4 2 ) 5 1 8 5 ( 1 0
C ( 4 3 ) 1500  ( 61) 2 7 6 3 ( 6 3 ) 5 362  ( 16
C ( 4 4 ) 2 5 7 5 ( 5 6 ) 3 2 8 0 ( 7 5 ) 5 7 4 7 ( 2 0 )
C ( 5 l ) 2 1 0 4 ( 3 5 ) - 3 4 2 ( 5 0 ) 4 6 2 0  (1 2)
N ( 52 ) 2 9 0 5 ( 3 8 ) - 1 2 0 6 ( 4 6 ) 484  3 ( 1 2)
C ( 5 3 ) 3 0 2 3 ( 5 4 ) - 2 8 8 9 ( 6 6 ) 4 7 2 9 (  1 5 y
C ( 54 ) 4 1 6 8 ( 9 6 ) - 3 3 0 0  ( * • ) 46 3 9 ( 5 2 )
C ( 6 1 ) - 1 6 1 5 ( 3 3 ) 5 2 0 0 ( 4 8 ) 3 0 9 5 ( 1 0 )
N ( 62 ) - 2 3 3 8 ( 3 1 ) 6 3 6 8 ( 3 9 ) 2 9 7 8  ( 1 0
C ( 6 3 ) - 3 7 1 8 ( 4 1 ) 6 1 7 0 ( 6 3 ) 2 8 1 3 ( 2 2 )
C ( 64 ) - 4 3 1 1 ( 4 5 ) 7 5 4 1 ( 6 5 ) 2 5 4 1 ( 2 1 )
C ( 71 ) - 2 2 1  ( 71) 5 6 3 8 ( 5 0 ) 3254  (1 1)
N ( 72 ) 2 4 3 ( 3 0 ) 6 4 3 3 ( 4 3 ) 2 9 5 5 ( 1 2 )
C ( 7 3 ) 1622  ( 57) 7 0 4 0 ( 6 9 ) 3 0 5 8 ( 1 6 )
C ( 74 ) 2 4 7 3 ( 5 9 ) 5 8 6 4 ( 6 3 ) 2 9 6 3 ( 1 8 )
0 ( 1 ) 5 4 4 5 ( 3 2 ) 3 1 0 ( 4 6 ) 4 34 8  ( 1 1 )
C (81 ) 5 0 7 4 ( 5 0 ) 9 4 6 ( 1 0 2 ) 3961 ( 19)
C ( 8 2 ) 5191 ( 79) 2 5 9 3 ( 8 4 ) 3 8 6 1 ( 2 3 )
C ( 83 ) 4 6 6 2 ( 7 6 ) - 1 3 7 ( 9 9 ) 3 6 1 2 ( 2 6 )
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T a b i c  ¿ . 7 . 3 Bond I . e n q t hs ( 8)  and Anc j l c s  i ° ) . o r  B i C  1 j • i 'I.D'i'Oj
HI - CL ( I ) 2 . 6 3 6 ( 1 0 )
HI - CL ( 2 ) 2 . 7 1 7 ( 1 0 )
B1 - CL (3) 2 . 6 4 9 ( 1 2 )
BI - S ( 4) 3 . 0 4 4 ( 1 2 )
HI - S ( 5) 2 . 8 1 9 ( 1 3 )
BI - S ( 6) 2 . 9 0 9 ( 1 2 )
BI - S ( 7 ) 2 . 9 7 6 ( 1 0 )
C U D - BI - CL ( 2 ) 1 7 8 . 6  ( 4)
CL ( l ) - BI - CL ( 3 ) 8 9 . 4  ( 4)
CL 12) - BI - CL(  3) 9 0 . 6  ( 4)
CL ( 1 ) - BI - S ( 4 ) 8 4 . 6 1 3!
CL (2) - BI - tí ( 4 ) 9 4 . 8 '  3)
CLv 3) - BI - S (4 ) 1 4 8 . 7 '  3)
CL ( I ) - HI - S ( 5 ) 8 8 . 6 (  4)
CL ( 2 ) - BI - S ( 5 ) 9 0 . 1 (  4)
CL(  3) - BI - S ( 5 ) 7 6 . 9< 4)
S ( 4) BI - S ( 5 ) 7 2 . 2 t 3)
CL ( 1 ) - BI - S ( 6 ) 9 0 . 2 (  3)
CL ( 2) - BI - S ( 6 ) 9 0 . 4 '  3)
CL ( 3 ) - BI - S ( 6 ) 7 2 . 8 (  3)
S (4) - BI - S ( 6 ) 1 3 7 . 8 (  3)
S (5) - BI - S ( 6 ) 1 4 9 . 8 (  3)
CL ( I ) - BI - S ( 7 ) 9 1 . 0 ( 4)
CL (2) - BI - S ( 7 ) 8 9 . 3(  3)
CLv 3) - BI - S ( 7 ) 1 4 4 . 6 '  3)
S ( 4 ) - BI - S ( 7 ) 6 6 . 5 (  3)
S ( 5 ) - BI - S ( 7 ) 1 3 8 . 5 '  3)
S ( 6 ) - BI - S ( 7 ) 7 1 . 7 2  ( 29)
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These variations are caused by steric strain in the 
pentagonal girdle.
This pentagonal bipyramid fits in well with 
predictions for seven coordinate molecules of the type 
MA3B2, a = monodentate, B = bidentate '126. This 
geometry is favoured for ligands with relatively large bites
(defined as L---L/M-L, L = donor atom), of about 1.15.
This allows S-Bi-S angles of aa. 72° as required for a 
pentagonal bipyramid.
There is no obvious vacancy in the bismuth(III)
coordination sphere for a stereochemically active lone pair
127of electrons. It has been suggested that this lone pair
is active when the ligand contains 'hard' donor atoms
and/or 'narrow bite' bidentate ligands such as dithiocarbamates.
39 128 129Thus, the structures of some dithiophosphate systems ' '
feature a stereochemically active lone pair with the "small 
bite" bidentate ligands leaving space in the coordination 
sphere. The resulting compounds are also pseudo-seven- 
coordinate AXgE (X = ligand, E = lone pair).
On the other hand, in u-chloro{tris[trichloro(thiosemi- 
carbazide)-bismuth(III))}[tris(thiosemicarbazide)bismuth(III)] - 
hexachlorobismuthate (III)chloride (I) the ligands form 
five membered rings with Bi(III); the metal atoms are both 
six- and seven-coordinate with no evidence for lone pair 
spatial activity. Other examples of octahedral geometry 
with no evidence for lone pair activity may be found in 
cationic and anionic bismuth(III) chlorothiourea complexes 
such as [Bi(tu)6][Bi((tu)x gClj 5)Cl3]2 ,tu = thiourea,
(II), and di-w-chlorobis(chlorotri(thiourea)bismuth(III)]-
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I II
pentachlorothioureabismuthate(III) (III)121.
In tris-[ P, P, P 1,P'-tetraphenylamidobis(phosphine
sulfido)-S,S1]bismuth(III) (IV)127. Thebidentate (S)-
donor ligands (soft) form three six-membered rings
with central atom and leave no space for a stereochemically
132active lone pair. Wyne noted that the lone pair is 
stereoinactive in complexes where the ligand is a 'soft' 
donor.
The present structure then would not be considered 
likely to have an active lone pair on two grounds: (1) 
the large bidentate 'bite' and (2) the 'soft' nature of 
the donor sulphur atoms. Interestingly, the thiosemicarbazide
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III IV
structure is one in which the ligands coordinate through 
both hard (N)- and soft (S)-donors. In this case the lone 
pair is not active but this is by no means a definitive 
case.
All four N-H groups in BiCl^.DEDTO are involved in hydrogen
bonds. Distances are N(42)-- Cl(l) 3.34, N(52)---0(1)
2.85, N (62)-- Cl (3) 3.26, and N(72)---CM2) 3.23 8 . The
angles at hydrogen are 168, 171, 152, 169°.
As discussed in the SnBr^,DBDTO structure, ring 
puckering is probably caused by intramolecular hydrogen 
bonding. S-C-C-S torsion angles are -57.2 and -56.7°.
The bonding around the carbon atoms retains its planar 
structure. It may well be that the formation of hydrogen 
bonds also effects in the Bi-Cl distances. For example 
of the two axial chlorine atoms,that involved in the shorter 
contact to nitrogen forms a longer bond to the metal than
A
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2.8 THE CRYSTAL STRUCTURE OF SnBr^.DBDTO
SnBr^.DBDTO is monoclinic and crystallises in 
the C2/c spacegroup. Crystal data and refinement details 
are given in Table 2.7.1. Atomic positions, bond lengths 
and angles are given in Tables 2.8.1 and 2.8.2 respectively. 
Figure 2.8.1 shows the molecular geometry around the tin.
The structure contains discrete monomers together with 
benzene solvent in the lattice. The ligand is bidentate
S,S-chelated to the metal.
There are two independent molecules of SnBr^.DBDTO 
in the structure one of them (A) in a general position 
but the other (B) is in a special position with the metal 
atom sitting on a two-fold axis which goes through the 
metal atom and the midpoint of the chelate C-C bond.
In both molecules the tin environment is 
octahedral and Sn-Br bond length trans to the sulphur are 
shorter (A, 2.527(11), 2.545(13); B, 2.544(11) 8) than 
those trano to bromine (A, 2.565(12), 2.625(13); B, 2.605(26) 8) 
The Sn-S bond lengths are equivalent to within experimental 
error (2.565(28), 2.551(24), 2.609(25) 8).
The S-Sn-S angles vary from 82.6(6) to 83.6(7)° 
thus the bite of the ligand is sufficiently large and 
only distorts the octahedron slightly. The angle subtended 
by the bromines trans to the sulphur, Br(1A)-Sn-Br(4A), 
is 101.8(4)° in A and the equivalent angle in B,
Br (2B)-Sn-Br (2B*) , is 102.7(5)°. This is extended to 
compensate for the narrower chelate angle.
The ligands are puckered in that the two S-C-C-S 
torsion angles are -44.3 and -40.7°. This is somewhat
117
surprising as the two carbon atoms retain their sp 
character; the three angles subtended at the carbon 
adding up to 360°. This ring puckering contrasts with 
the planar conformation observed in the MXjLj 5 complexes 
where the ligand forms a weak S-bonded link between metal 
atoms. Perhaps the reason is that the puckering increases 
the distance between the two hydrogen atoms on the 
nitrogen and thus permits the formation of intermolecular 
hydrogen bonds. If there were no puckering it would be 
impossible to form such bonds because of steric hindrance. 
All the N-H bonds are involved in hydrogen
bonding to bromine atoms, viz. Br(3A)-- N(3A) 3.66 8 ;
Br(2A)-- NOB) 3.40 8 ; Br(lB)-- N(10A) 3.56 8 . Using
the calculated hydrogen positions, the Br-- H-N
angles are 155, 165, 156 respectively.
The structure may be compared with that of the 
1:2 adduct of SnCl4.L2, L-l,3-dimethyldithiourea where
13 3the ligands are also cis (S,S)-coordinated to the metal
134rather than through the nitrogen as suggested earlier
Apart from the distances mentioned above, there 
are no close contacts less than the sum of van der Waals 
radii involving the benzene ring or the tin molecules.
2
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Figure 2.8.1 The Crystal Structure of SnBr4.DBDTO
Br(IA )
C03A) C(11A )
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T a b l e  2 . 8 . 1 A t o m i c  C o o r d i n a t e  ( x  1 0 4 ) 
D e v i a t i o n s  i n  P a r e n t h e s e s
f o r  S n B r ^ . DBDTO w i t h E s t i m a t e d  S t a n d a r d
ATOM X Y Z
SN( 1A) 5 3 2 (  3) 3 0 2 5 (  3) - 1 4 5 4 (  4)
BR(1A) 92  I ( 5) 2 6 4 1 (  5) 51 ( 6 )
BR(2A) 1599  ( 5) 2 7 2 7 (  5) - 2 2 5 3 (  7)
BR(3A) • 5 7 6 (  5) 3 3 1 0 (  6 ) - 6 6 8 ( 7)
BR(4A) 881 ( 6 ) 4 1 72 (  5) - 1 4 4 1 (  7)
S ( 1 A) 1 4 8 0 4 ) 1 8 9 7 ( 1 2 ) - 1 7 6 3 ( 1 6 )
C( 2A) - 9 1 ( 3 9 ) 1 9 4 7 ( 3 0 ) - 2 7 2 4 ( 5 1 )
N O A ) - 2 0 9 ( 3 1 ) 1 4 4 2 ( 2 9 ) - 3 3 1 5 ( 3 9 )
C( 4A) 7 0 ( 4 4 ) 8 3 3 ( 3 1 ) - 3 0 5 6 ( 5 6 )
C O A ) 611 ( 78) 7 0 7 ( 6 8 ) - 3 7 8 9 ( 7 5 )
C ( 6 A) 1 0 0 5 ( 5 6 ) 5 6 ( 7 4 ) -  36 7 3 ( 1 1 5)
C( 7A 8 3 8 ( 7 0 ) - 2 4 3 ( 6 0 ) - 2 7 0 8 ( 8 9 )
S ( 8 A) 2 8 0 4 ) 3 2 6 0 0 1 ) - 2 9 7 0 ( 1 5 )
C( 9A) - 3 5 2 ( 3 0 ) 2 5 5 8 ( 2 8 ) - 3 1 1 0 ( 4 0 )
N( 10A) - 8 9 0 ( 3 0 ) 2 4 6 8 ( 2 7 ) - 3 6 5 4 ( 4 2 )
C I U M - 1 1 8 1 ( 3 8 ) 3 0 5 6 ( 3 6 ) - 3 9 8 3 ( 5 2 )
C ( 1 2A) - 1 8 8 0  ( 43 ) 3 0 5 2 ( 4 2 ) - 3 6 0 1 ( 7 4 )
C( 13 A ) - 2 3 7 1 ( 4 1 ) 3 5 2 4 ( 5 2 ) - 3 9 7 8 ( 8 1 )
C( 14 A ) - 2 3 0 7 ( 7 0 ) 4 2 2 0 ( 4 8 ) - 3 7 2 4 ( 8 8 )
S N O B ) 75 0 0  ( 0) 1 0 5 3 (  4) 7 5 0 0 (  0)
B R O B ) 67 0 4  ( 6 ) 3 9 7 7 (  5) 3 8 8 5 (  7)
BR( 2B) 6 7 4 6 (  5) 3 1 9 8 (  5) 1 7 0 0 (  7)
S ( 1 B ) 8 0 9 3 0 2 ) 4 8 6 8 0 1 ) 3290  0 6 )
C( 2B) 7 7 0 6 ( 3 4 ) 5 4 6 5 ( 3 0 ) 3 0 0 4 ( 3 9 )
N O B ) 7 6 9 3 ( 4 0 ) 6 0 8 0 ( 3 1 ) 3 4 0 0 ( 4 0 )
C( 4B) 7 9 9 1 ( 3 3 ) 6121 ( 34 ) 4 2 7 0 ( 4 6 )
C ( SB ) 7 3 9 2 ( 3 7 ) 6 2 3 0 ( 4 9 ) 4 9 3 6 ( 4 9 )
C ( 6 B) 7 5 7 2 ( 5 3 ) 6 3 2 8 ( 6 3 ) 5 9 3 5 ( 5 0 )
C ( 7BÏ 8 1 9 2 ( 4 4 ) 5 9 7 8 ( 4 1 ) 6 2 1 6 ( 5 2 )
C ( 4 1 ) 5 6 0 5 ( 6 2 ) 5 2 8 7 ( 5 8 ) 7 1 6 ( 7 9 )
C ( 42 ) 4 9 4 9 0 2 1 ) 4 3 3 9 ( 7 4 ) - 1 1 3 ( 9 8 )
C ( 4 3) 5 4 0 8 ( 5 4 ) 4 5 4 0 ( 5 0 ) 7 2 8 ( 7 0 )
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T a b l e  2 . 8 . 2 M o l e c u l a r  D i m e n s i o n s  -  D i s t a n c e s  (8 ) ,  A n g l e s  ( ° )  f n , |:r 4
MOLECULE A
SN ( 1 ) - BR ( 1) 2 . 5 2 8 ( 1 1 )
SN ( 1) - BR ( 2) 2 . 5 6 6 ( 1 2 )
SN(  1) - BR ( 3) 2 . 6 2 4 ( 1 3 )
SN ( 1 ) - BR ( 4) 2 . 5 4 3 ( 1 2 )
SN ( 1 ) - S (  1) 2 . 5 6 9 ( 2 8 )
SN ( 1 ) - s< 8 ) 2 . 5 5 2 ( 2 4 )
BR< 1 ) - SN ( 1 ) - BR ( 2) 9 2 . 1  ( 4)
BR( 1) - SN ( 1 ) - BR ( 3) 8 8 . 7  ( 3)
BR ( 2 ) - SN ( I) * BR ( 3) 1 7 8 . 5  < 4)
BR( 1) - SN ( 1 ) - BR ( 4) 1 0 1 . 8 ( 4)
BR (2) - SN ( 1 ) - BR ( 4) 8 9 . 8  ( 4)
BR t 3) - SN ( 1 ) - BR ( 4) 9 1 . 3  ( 4)
BRI 1) - SN ( 1 ) - S ( 1) 8 8 . 0  ( 5)
BR ( 2 ) - SN ( 1 ) - S ( 1) 8 7 . 5( 7)
BR ( 3) - SN ( 1 ) - S (  1) 9 1 . 3( 7)
BR ( 4 ) - SN ( 1 ) - S (  1) 1 7 0 . 0 ( 6 )
BR ( 1 ) - SN ( 1 ) - S (  8 ) 1 7 1 . 1 ( 6 )
BR ( 2 ) - SN ( 1 ) - S (  8 ) 9 0 . 5  ( 7)
BR ( 3 ) - SN ( 1 ) - S (  8 ) 8 8 . 5  ( 7)
BR ( 4 ) - SN ( 1 ) - S (  8 ) 8 6 . 7  ( 5)
S C I ) - SN ( 1 ) - S (  6) 8 3 . 7 ( 7)
S ( 1) - C< 2) 1 . 5 2 ( 7)
C ( 2 ) - N ( 3) 1 . 4 1  ( 4)
C ( 2 ) - C< 9) 1 . 5 2 ( 8 )
N ( 3) - C(  4) 1 . 4 7 ( 5)
C ( 4 ) - C< 5) 1 . 5 7 1  5)
C ( 5) - C< 6 ) 1 . 6 2 ( 8 )
C ( 6 ) - C< 7) 1 . 6 0 ( 7)
S ( 8 ) - C (  9) 1 . 7 0 ( 6 )
C ( 9 ) - N ( 10) 1 . 4 1 ( 4)
N( 10) - c u n 1 . 48 ( 5)
c u n - C U 2 ) 1 . 5 4 ( 4)
C ( 1 2) - C (  1 3) 1 . 5 4 ( 4)
C < 1 3 ) - C ( 14) I . S 3 C  4)
S N ( 1 ) - S< 1 ) - C (  2) 1 0 2 . 2 ( 2 8 )
S ( l ) - c< 2 ) - N (  3) 126 1 5 )
S ( I ) - C< 2) - C (  9) 1 2 2 Í 5)
N ( 3) - c< 2 ) - C (  9) 1 1 0 < 5)
C ( 2 ) - N< 3) - C< 4) 115 ( 4)
N O ) . C< 4) - C (  5) 104 ( 4)
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T a b l e  2 . 8 . 2  C o n t i n u e d
C<4) - C< 5) - C< 6 ) 115 ( 5 )
C ( 5) - C< 6 ) - C< 7) 1 1 0  ( 6 )
SN< 1) - S< 8 ) - C(  9) 9 7 . 9 ( 2 0 )
C ( 2) - C< 9) - S (  8 ) 122 ( 4)
C ( 2 ) - C< 9) - N ( 10 ) 113 ( 5)
S ( 8 ) - C (  9) - N ( 10 ) 124 ( 4)
C ( 9 ) - N ( 10) - C U  1) 114 ( 4 )
N(10> - C ( 11 ) - C ( 12) 105 ( 4)
C ( 11 ) - C ( 12 ) - C ( 1 3) 119 ( 5)
C ( 12 ) - C U  3) - C U  4) 118 ( 5 )
MOLECULE B
SN( 1) - S< 1) 2 . 6 0 6 ( 2 6 )
SN { 1 ) - BR ( 1) 2 . 6 0 6 ( 1 1 )
SN ( 2 ) - B R U ) 2 . 5 4 4 ( 1 2 )
BR( l ) - SN ( 1) - BR ( 2) 8 9 . 9 (  4)
BR ( 1 ) - SN ( 1) - BR( 2 * ) 9 1 . 9 (  4)
BR ( 2 ) - SN ( 1) - BR( 2 * ) 1 0 2 . 7 (  5)
BR( 1) - SN ( 1) - BR( 1* ) 177 . 1  ( 5)
BR( 1) - SN ( 1) - S(  1) 8 5 . 7 (  6 )
BR ( 2 ) - SN ( 1) - S(  1) 169 . 01  7)
BR( i •) - SN ( 1) - S< 1) 9 2 . 2 (  6 )
BR( 2* ) - SN ( 1) - S (  1) 8 7 . 5 (  6 )
S ( l ) - SN ( 1) - S U * ) 8 2 . 6 (  6 )
S ( l ) - C< 2) 1 . 5 7 (  6 )
C ( 2 ) - N ( 3) 1 . 4 3 (  4)
C ( 2* ) - C< 2) 1 . 7 4 ( 1 1 )
N ( 3) - C< 4) 1 . 45 ( 5)
C ( 4 ) - C< 5) 1 . 5 9 (  4)
C ( 5 ) - C< 6) 1 . 5 5 (  4)
C <6 ) - C ( 7 ) 1 . 5 5 (  4)
SN( 1 ) - S(  1) - C< 2) 1 0 3 . 6 ( 2 7 )
S U ) - C (  2) - N ( 3) 129 ( 4)
S U ) - C< 2) - C (  2* ) 1 1 9 . 9 (  4)
C ( 2 *  ) - C (  2) - N ( 3) 110 ( 5)
C ( 2) - N ( 3) - C< 4) 115 ( 5)
N ( 3) - C< 4 ) - C(  S) 103 ( 4)
C (4) - C< 5) - C (  6) 114 ( 4)
C ( 5 ) - C(  6 ) - C (  7) 114 ( 4)
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T a b l e  2 . 8 . 2  C o n t i n u e d
SOLVENT
C ( 4 1) - C ( 43 )
C ( 4 2 ) C ( 43 )
C ( 4 2 ) C ( 4 1 * * )
C ( 4 1) - C ( 4 3 ) -
C ( 4 3 ) - C (4 1) -
C ( 41  ••) - C ( 42 ) -
SYMMETRY ELEMENTS * 1 . 5 - X , Y , . 5 - Z
1 . 6 4 ( 1 2 )  
1 . 6 5 ( 1 7 )  
1 . 6 7 ( 2 3 )
C ( 42 ) 1 1 3 ( 9)
C ( 4 2 * • ) 107 ( 1 0 )
C (4 3) 1 34 ( 1 2 )
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2.9 REACTIONS OF DITHIOOXAMIDES WITH Mo(CO) SPECIES
In an effort to form more chelate complexes 
with dithiooxamide ligands, ois Mo ( C O )4 (THF)2 was 
selected as a suitable reactant. This choice was 
influenced by the following considerations.
(a) In Mo ( C O )4 (THF)2 the metal centre is a soft 
centre in HSAB terms and so it should form 
stable compounds with sulphur (soft) 
donating ligands.
(b) Mo has a small enough atomic radius to 
fit into the dithiooxamide ligand bite.
(c) The two oxygen donating (hard) THF substituents 
are very labile, leaving the ois octahedral 
positions vacant for the sulphur donating 
dithiooxamide to form a chelate.
As a preliminary experiment molybdenum 
hexacarbonyl solution in THF under nitrogen was 
irradiated with u.v. light to give the yellow bis THF 
adduct. When N,N'-diethyl dithiooxamide was introduced, 
a colour change to an intense blue solution was observed. 
The black solid that was obtained was partially 
characterised by its i.r. and 1H n.m.r. spectra.
THF
Mo(CO)e + 2 THF h v C0^  * /Mo_ I \CO I THF
CO
yellow
2 co
Intense blue 
(black solid)
CO
CO 1
Mo —
S^c"NHEt
1
o c ^ '— .1 S^C^NHEt
CO
Relevant i.r. peaks: (cm *)
3194 (vNH), 1984, 1900 (broad) (vCO), 1524 (vCN), 800, 835 (vCS) 
(the ligand bands do not appear to have shifted at all)
N.m.r. data: 6H (100 MHz; solvent CDC13; standard Me4Si)
1.37 (6H, t, -CH3), 3.74 (4H, m, CH2), 10.24 (2H, s br,
NH) .
The results of this preliminary investigation 
are only an indication that the system is worth investigating 
further. It is not possible to say at this stage what the 
products are.
A similar preliminary survey was done with Fe2(CO)g. 
The products of these reactions were extremely air/moisture 
sensitive and they were not isolated.
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2.10 EXPERIMENTAL
Crystal Structure Determination
In the crystal structure determinations of 
DEDTO, DIPDTO, SbCl-j.DEDTC^ 5, SbCl 3. DIPDTC^ 5 ,
BiCl3DEDTO2 and SnBr^DBDTO. Crystals were placed in 
Lindeman tubes along their most prominent axes. Their 
crystalline quality was checked under the polarising 
microscope. Preliminary cell constants and space 
groups were obtained from precession photographs. The 
crystals were then transferred to a Stoe STADI-2 
diffractometer equipped with a graphite monochromator.
The crystals were adjusted more accurately by X-ray 
counter methods and precise determinations of lattice 
constants were carried out from the accurate setting 
angles of a number of axial reflections. Data were taken 
via id scans of width (2.0 + 0.5 sin u/tan 0). The 
scan speed was 0.033° s-1 and the background measured at 
the ends of the to scan for 20 s . Measurement of standard 
reflections showed no deterioration.
This is only a summary - a more detailed 
description of the process of X-ray structure determination 
is outlined in Section 1.4.
Preparation of Dlthiooxamlde Ligands 
Method (I)
N,N'-Dimethyl Dithiooxamide (DMDTO)
N,N'-Dimethyloxamide was prepared by direct
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addition of three-fold excess of aqueous 25% MeNHj 
to a cold solution of diethyloxalate in ethanol. The 
resulting solid was recrystallised in high yield from 
methylated spirit
N,N'-Dimethyl dithiooxamide (DMDTO) was prepared from 
N,N1-dimethyloxamide(DMO) following a slightly modified
suspension of DMO (2.9 g, 25 mmol) in xylene was added 
excess P4S1Q (25 g, 56 mmol) powder in small portions.
The mixture was allowed to reflux for 12 hours producing 
an orange solution and a very dark brown solid. Most 
of the xylene was distilled off. The last traces were 
pumped off in vaouo. The resulting solid was dissolved in 
methanol and refluxed with activated charcoal for five 
minutes. Filtration through Celite afforded an orange 
solution which was treated with activated charcoal 
again. Filtration and concentration of the resulting 
orange solution gave crystals of DMDTO, which were 
recrystallised from hot methanol as orange needles.
-NHM«
+ 2 EtOH+ 2 m « n h 2 I
I
s
route from that of Hurd et al 106 To a refluxing
m.p. 136-137° (litt. 139°) yield 20%.
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Method (II)
Preparation of DEDTO, DIPDTO, DBDTO, DCXDTO and DBZDTO
These ligands were prepared by the modified
Wallach reaction107 as described by Woodburn and 
108Scroog . In this case the starting material was 
dithiooxamide and the R-group was inserted by amine 
exchange with a primary amine.
S*c-NH2
I + 2 H-NR
C «
S #
General Procedure
An aqueous solution of the appropriate amine 
(0.04 moles) was added to solid dithiooxamide (2.0g
0.01 moles). The mixture was heated under reflux 
until all the colour of dithiooxamide had disappeared 
and evolution of ammonia ceased (15 minutes). The 
mixture was heated for another five minutes and then 
cooled and filtered. The resulting yellow to deep 
orange N,N* 1-disubstituted dithiooxamides were 
recrystallised in high yields from methanol.
A d v a n t a g e s  o f  t h i s  M e t h o d :
(i) n o  s m e l l
(ii) s t r a i g h t f o r w a r d  'one p o t '  s y n t h e s i s  
( m o d e r a t e  c o n d i t i o n s  a s  w e l l )
( H i )  y i e l d s  a r e  m u c h  b e t t e r  t h a n  M e t h o d  I. 
D i s a d v a n t a g e s :
(i) t e t r a s u b s t i t u t e d  d i t h i o o x a m i d e s  
c a n n o t  be p r e p a r e d  in t h i s  way.
N^HR
I + 2 n h 3
S* ''NHR
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Complexes of SbX? (X = Cl« Br) with DMDTO, DEDTO,
DIPDTO, DBDTO, DCXDTO, DBZDTO
Complexes were prepared by addition of the 
appropriate ligand to the metal halide both being in 
benzene solution. To illustrate the procedure, a typical 
reaction is described below.
N,N'-Diethyldithiooxamide (1.0 g, 5.7 mmol) in
3benzene (150 cm ) was added dropwise to a stirred solution 
of antimony trichloride (1.24 g, 5.4 mmol) in benzene 
(100 cm"*) maintained at 0°C under an atmosphere of 
nitrogen. The resulting solution was stirred for a 
further eight hours. Benzene was slowly removed from 
the reaction mixture until the first appearance of 
crystalline material. The solution was allowed to stand 
to facilitate crystal formation. The resultant solid was 
filtered off, washed with hexane (3 x 100 ml portions) 
and dried in vacuo. Yield 0.9 g, 40%, m.p. 69°.
Complexes of BiCli with DMDTO, DEDTO, DIPDTO,
DBDTO, DCXDTO, DBZDTO
For bismuth complexes the procedure is typified by 
the preparation of BiCl^.DEDT02.(CH3) 2CO as described 
below.
Bismuth trichloride (1.72 g, 5.45 mmol) was 
refluxed with stirring in anhydrous acetone for thirty 
minutes in an atmosphere of nitrogen. To  the wa r m  suspension 
was added dropwise, a solution of DEDTO (0.96 g, 5.45 mmol). 
After several ho u r s  of magnetic stirring, the solution was 
filtered and a cetone slowly removed until the onset of 
crystal growth. (Uncontrolled removal of acetone always
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resulted in the formation of a frothy solid.) The 
resulting solution was allowed to stand to facilitate 
crystal growth. The resulting crystalline product was 
collected, pumped in vacuo at room temperature for 
several hours and stored in sealed glass ampoules under 
vacuum.yield 1.0 g, 54%. Found: C 24.81, H 4.17,
N 7.70, Calc, for C15H30N4C13 Bi C 24.81, H 4.13, N 7.72.
All BiCl^ dithiooxamide complexes were very 
unstable in acetone solution. Decomposition to a dark 
brown solid was evident within a few days. In the solid 
state, BiCl3 complexes decomposed to a black mass within 
a few weeks even when sealed under vacuum. Complexes 
with smaller alkyl substituents (R = Me, Et) were less 
stable in this respect than those with larger substituents
Complexes of SnCla, SnBr4 and TiCla with DMDTO,
DEDTO, DIPDTO, DBDTO, DCXDTO, DBZDTO
The 1:1 adducts were prepared by direct addition
of a benzene solution of the ligand to an equimolar amount
of the metal halide in benzene. In a typical reaction, a
solution of DIPDTO (0.88 g, 4.3 mmol) in benzene (100 cm'*)
3was added dropwise to a stirred solution of SnCl^ (0.5 cm
4.3 mmol) maintained at 0°C in an atmosphere of dry 
oxygen-free nitrogen. A yellow precipitate was 
immediately formed. The system was allowed to stir for 
several hours. The mother liquor was decanted off and 
the solid washed at the vacuum line with redistilled 
benzene (4 x 100 ml portions) and then dried in vacuo
m.p. 228°C,d. Yields were quantitative in all cases.
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CHAPTER 3 
DITHIOMALONAMIDES
3.1 INTRODUCTION
Looking at the structure of dithiomalonamides,
one important variation with previous dithiooxamide systems
is that we have a tetrahedral -CH2~ 'hinge' between the
two R2N-C=S groups :
1 s * .c ^ n h r
H'f'H
S<*C^NHR
We still have donor sites at S, and N, hence dithiomalonamide 
chemistry forms a natural sequel to dithiooxamide chemistry. 
The coordination chemistry of dithiomalonamide and its 
N,N'-disubstituted derivatives has received considerable 
attention in the last twenty years1 . Most of 
the work done so far involved divalent transition metals.
One prominent feature in the formation of dithiomalonamide 
complexes in neutral aqueous conditions is the deprotonation 
of the backbone -CH2~133. A neutral complex, N±L2, is 
formed for L - N,N'-dimethyldithiomalonamide136. Here 
deprotonation results in the formation of two pseudo­
aromatic six-membered rings. In these complexes,
M«HN
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(5.5) -coordination is assigned on the basis of i.r.
evidence and a ai 8-structure is proposed by analogy with
the structures of metal complexes with B-diketones.
137 138Similar reactions are observed with Pd(II) ' and 
139Zn . In acid conditions there is no deprotonation,
cationic coordination complexes are formed with M:L
stoichiometries 1:2, and 1:3 (M = Ni(II), Pd(II), Zn(II)).
(S,N)-coordination has been assigned on the basis of i.r.
spectroscopy to feature either ois-(S,N)-chelate square
planar or octahedral geometries.
Very little work has been done on complexes of
dithiomalonamides in non-aqueous conditions. For SbX^
and BiX^ (X = halogen), complexes with N,N’-dimethyl-
dithiomalonamide and N,N'-diphenyldithiomalonamide have
140been prepared in dichloromethane . There is no evidence 
for deprotonation in this case and (S,S)-chelation has 
been assigned on the basis of i.r. data.
When dithiomalonamide ligands form complexes, 
the plausible bonding modes include (S,S)-, (S,N)-,
(N,N)-chelation; (S,S)-, (S,N)-, (N,N)-bridging and
(S,N)-endo-chelation. In the absence of structural data, 
it is very difficult to establish unambiguously whether 
the preferred bonding mode is (S,S)-chelation or
(5.5) -bridging even when there is conclusive evidence 
for S-donation. The analogous dithiooxamide ligands 
have been shown to form complexes where (S,S)-bridging
is favoured in the case of antimony(III) and (S,S)-chelation 
in the case of Bi(III) and Sn(IV).
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Antimony Trichloride Complexes with Dithioamide Ligands 
One interesting observation from the X-ray 
crystallographic investigation of dithiooxamide 
Group(VB) complexes is the apparent lack of stereochemical 
activity of the lone pair. Dithiooxamide ligands are
(S,S) - t r a n a  in the free state and remain so in the complexes 
SbCl^.DEDTOj^ and SbCl^. DIPDTOj^  ^where antimony is 
bound to three chlorines and three sulphur atoms each 
of which comes from a different ligand, resulting in 
a polymeric structure. This encouraged us to investigate 
the coordination behaviour of the corresponding dithio- 
malonamides where the introduction of a -CH2-hinge to the 
C-C backbone not only adds a useful spectroscopic 'flag' 
but, more importantly provides a more amenable 'bite' 
angle and increased skeletal flexibility on the part of 
the ligand.
(S,S)-Coordination has been assigned in the
Sb(III) and Bi(III) complexes with N,N'-dimethyl- and
N,N'-diphenyldithiomalonamide complexes that have been 
140reported . This is in accord with HSAB expectations. 
Interest in dithiomalonamide complexes therefore centres 
on:
(a) Whether the sulphur atoms in the free ligand 
are trans to one another and whether they 
remain so in the complexes formed.
(b) Whether the apparent lack of stereochemical 
activity of the lone pair is due to the size 
of the ligand bite. This assumes that we can 
only have a stereochemically active lone pair
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if a eie-chelate is formed (which is not necessarily true). 
It is not too difficult to envisage an antimony complex 
with, say, dithiomalonamides where two Sb-S bonds are 
formed and the ligands are (S,S)-trans, leaving room for 
a lone pair of electrons on one of the coordination 
sites:
Another interesting possibility is the situation where 
only one ligand forms a bridge between two SbCl3 centres 
to give tbp geometry with a lone pair in the equatorial 
position:
we have prepared a series of antimony(III) complexes 
with N,N'-disubstituted dithiomalonamides. In addition 
to general spectral data, a structure determination by 
single crystal X-ray diffraction of one of the complexes, 
SbCl^.DEDTM has proved to be the most informative in 
considerations of metal-ligand binding
/
--  Sb --  S " C '
/ \
NHB ,
N xCH2 S -- Sb ---
To investigate these several possibilities
Tin Tetrachloride Complexes with Dithioamide Ligands
To complete our current comparison of Lewis
acid properties, we now turn to SnCl4. With (N)-, (O)-,
(P)—* and (S)-donors, monomeric octahedral adducts have
been the rule in 1:2 (M:L) complex formation of SnCl^
60 141-144adducts 9 . Some unidentate ligands have been
reported to form 1:1 complexes presumably with trigonal 
bipyramidal geometries145-147. Bidentate ligands are 
expected to form 1:1 octahedral complexes.
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To complete our current comparison of Lewis
acid properties, we now turn to SnCl4. With (N)-, (0)-,
(P)-» and (S)-donors, monomeric octahedral adducts have
been the rule in 1:2 (M:L) complex formation of SnCl4 
60 141-144adducts 9 . Some unidentate ligands have been
reported to form 1:1 complexes presumably with trigonal 
bipyramidal geometries145-147. Didentate ligands are 
expected to form 1:1 octahedral complexes.
Tin Tetrachloride Complexes with Dithioamide Ligands
A
Tin Tetrachloride Complexes with Dlthioamide Ligands
To complete our current comparison of Lewis
acid properties, we now turn to SnCl4. With (N)-, (0)-,
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3.2 SYNTHESIS AND CHARACTERISATION OF DITHIO-
MALONAMIDES
A variety of synthetic procedures has been 
followed for the preparation of dithiomalonamides.
(a) Sulphurisation of malonamides with P2S5:
All malonamides were prepared by the reaction 
between diethylmalonate and the relevant 
primary amine.
0 ' c - 0€l o * _ ^ n h r1 p«ss. 1
C«,+ 2RNH2 - *  C H t
0*C v 0Et O *  ''NHR S ^ C'I
+
EIOH
R  =  - C H 3 ( D M D T M > ,  - C j H g ( D E D T M ) ,  - C 3H 7 ( D P D T M ) ,
- C 4H9 (DBDTM) , -C g H 1 1 (DCXDTM) .
All five N,N'-disubstituted dithiomalonamides 
were prepared this way. This reaction has a few 
drawbacks, viz.
(i) the reaction is very smelly
(ii) the yields are low, 40% is the norm
(iii) the products are very difficult to isolate. 
Other avenues to the desired dithiomalonamides 
were sought.
(b) An attempt was made to synthesise dithiomalonamide
i i g
by the method of Taylor et al.
c n - c h 2- cn  + 2CH3C (S )N H 2 — ► h 2n . c ( s ) . c h 2 . c ( s ) . n h 2 + 2CH3CN
Malononitrile Thioacetamide Dithiomalonamide
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(c)
If dithiomalonamide had been isolated, then 
the synthesis of N,N'-disubstituted 
dithiomalonamides would follow the Wallach 
reaction1®^'1®®. However, dithiomalonamide 
was not realised from the thioacetamide 
reaction.
An attempt was made to replace P4S1q
S
1
CH3°-C6H4 | N g ^  P_C6H4 •00113 
S
and sulphurise the amide following the method of 
149Raucher et al.
O*. HHR 
iCHj
O *  V NHR
S* ,NHR
c h3o c 6h4p ;I ;PC6H4OCH3
ICH 0 I A
S^CxNHR
Unfortunately no substituted dithiomalonamides 
were isolated from this reaction.
N,N'-Disubstituted Dithiosuccinamides
Methods (a), (b) and (c) above were also used 
in an attempt to synthesise N,N'-disubstuted dithiosuccinamides 
but all three methods proved unsuccessful (see Experimental 
Section).
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Dropwise addition of the appropriate N,N'- 
disubstituted dithiomalonamide solution in benzene to an 
equimolar solution of SbCl^ in benzene gave rise to yellow/orange 
precipitates of the 1:1 adducts SbCl^.L (L = DMDTM,
DEDTM, DPDTM, DBDTM, DCXDTM) in high yield. The adducts 
were purified by washing with benzene and pumping 
in vacuo. The adducts were extremely air/moisture sensitive 
hence they were nanalea in strict anaerooic conditions.
The complexes are listed in Table 3.3.1 and their 
solubility is limited to the more polar solvents such 
as acetonitrile, dichloromethane and acetone.
Principal l.r. vibrational bands of the ligands 
and adducts are presented in Table 3.3.2. Assignments 
follow those of Jensen and Nielsen1^®. The observed 
high energy shift (+32 cm 1 on average) of the v(CN) 
absorption (ca. 1540 cm 1) accompanied by the low energy 
shift (-90 cm 1 on average) of the v(CS) band (ca. 870 cm-1) 
are in accord with (S)-donation1^  1^1. The v(NH) vibrations 
remain essentially unchanged. In the v(Sb-Cl) stretching 
region, we find two broad and intense bands at ca. 320 
and 250 cm 1 which no doubt have v(Sb-S) components.
n.m.r. data are presented in Table 3.3.3.
Due to poor solubility in CDCl^, 1H n.m.r. spectra of 
the adducts were obtained from (CD^)2C0 solutions wherever 
possible. The 1H n.m.r. data of the complexes simply 
reinforce the non-coordination of the NH sites and are 
without controversy. Integral values show the presence
3.3 REACTIONS OF DITHIOMALONAMIDES WITH SbCl-j
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shift (-90 cm 1 on average) of the v(CS) band (ca. 870 cm-1) 
are in accord with (S)-donation1 1 *1. The v (NH) vibrations 
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region, we find two broad and intense bands at ca. 320 
and 250 cm 1 which no doubt have v(Sb-S) components.
1H n.m.r. data are presented in Table 3.3.3.
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T a b l e  3 . 3 . 1  A n a l y t i c a l  d a t a  o f  c o m p l e x e s
M i c r o a n a l y s e s  (%) O b s e r v e d / C a l e u l a t e d
Compound C H N C l
SbClj(DMDTM) 1 6 . 7 / 1 5 . 4 2 . 5 / 2 . 6 7 . 0 / 7 . 2 2 7 . 4 / 2 7 . 3
S b C l £ (DEDTM) 2 0 . 2 / 2 0 .1 3 . 2 / 3 . 3 7 . 0 / 6 . 7 2 6 . 2 / 2 5 . 5
S b C l 3 (DPDTM) 2 4 . 0 / 2 4 . 2 3 . 9 / 4 . 0 6 . 2 / 6 . 3 2 4 . 7 / 2 3 . 9
S b C l 3 (DBDTM) 2 6 . 8 / 2 7 . 8 4 . 5 / 4 . 6 5 . 2 / 5 . 9 2 1 . 3 / 2 2 . 5
T a b l e  3 . 3 . 2 P r i n c i p a l  i . r .  b a n d s ( c m ' 1 ) o f  l i g a n d s  and  m e t a l  c o m p l e x e s
Compound v (NH)
(•)
T h i o a m i d e  I 
v (C N ) ( i ,
T h i o a m i d e  IV  T h i o a m i d e  V V(MCL/MS)
(if* )
DEDTM 3 1 8 6 ,  3 05 7 1 5 4 0 875 722
DPDTM 3 1 9 4 ,  306 0 1 54 2 874 719
DBDTM 3 1 9 1 ,  304 0 1 5 3 6 890 732
DCXDTM 3 5 1 8 ,  328 2  
3 2 3 0 ,  3050
1541 895 746
SbClj(DMDTM) 3 2 0 6 ,  3109 1 58 4 785 722 3 1 5 ,  250
S b C l 3 (DEDTM) 3 1 8 0 ,  3060 1 5 7 2 803 717 3 2 0 , 2 7 6 , 2 4 0
S b C l 3 (DPDTM) 3 1 8 8 ,  3044 1 5 7 7 790 721 3 1 8 ,  279
S b C l 3 (DBDTM) 3 2 6 4 ,  3200  
3068
1 5 6 5 782 730 3 2 3 , 2 7 5 , 2 3 5
S b C l 3 (DCXDTM) 3 2 6 0 ,  3078 1561 790 758 3 2 1 ,  288
T a b l e  3 . 3 . 3 l H n . m . r .  d a t a  (6 p .  
c o m p l e x e s
p . m .  w . r . t .  TMS (4 - 0 ) )  o f  t h e  l i g a n d s  and1 a f e w
Compound "*H(.,br> CIS) - C H a - C ( S ) ( . )  N- CH2 c h 2 c h 2 c h 3 c « Hn
(a) CVClj solution
DMDTM a.M 4 . 1 5 3 . 1 8 d
DEDTM 9 . 1 0 4 . 1 7 3 . 6 7  m i.aa t
DPDTM 9 . 0 0 4 . 1 5 3 . 6 0  q 1 . 7 0  m 0 . 9 9 t
DBDTM a. »4 4 . 1 7 3 . 6 5  q 1 . 6 5  m 1 . 4 0  m 0 . 9 5 t
DCXDTM 8 . 9 2 4 . 2 5 1 . 2 8 - 2 . 0 0  m
<b) (CDjI jCO solution
IbClj.DMDTM a.ao 4 . 1 0
DEDTM a.so 4 . 0 1 3 . 6 2  m 1 . 2 0 t
SbCl}.DEDTM a.ao 4 . 0 9 3 . 6 5  m 1 . 2 2 t
DBDTM a.si 4 . 0 1 1 . 4 4  q 1 . 6 4  m 1 . 4 0  m 0 . 9 0 t
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of two protons on the backbone —CH2“ which is consistent 
with absence of deprotonation of the backbone -CH2~ in 
non—aqueous systems. The ligands have been fully character­
ised (XH n.m.r.) for the first time, chemical shift(s) 
values are evidently strongly solvent dependent.
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3.4 THE CRYSTAL STRUCTURE OF SbCl^.DEDTM
Crystals suitable for X-ray crystallography were 
obtained by recrystallisation of SbCl3.DEDTM from hot 
benzene under nitrogen. Details of cell constants, 
data collection and refinement are given in Table 3.4.1.
The structure was solved by Patterson and Fourier methods 
and refined by full matrix least squares. Only Sb, S, and Cl 
were refined anisotropically. The data for this structure 
is of poor quality as the crystal diffracted X-rays very 
weakly. However, the structure could be solved and showed 
the five-coordinate core with the lone-pair active. The 
structure of the ligand was disordered and we doubt the 
accuracy of the light atom positions. However, the 
positions of the Sb, Cl and S atoms are beyond dispute.
In the refinement, it proved impossible to refine the 
light atoms without constraint. In the event we 
constrained the S-C, C-N and C-C distances at their 
usual values. However, it proved impossible to locate 
the ethyl groups bonded to nitrogen. Atomic positions 
are given in Table 3.4.2, bond lengths and angles are 
given in Table 3.4.3.
The coordination geometry of SbCl^DEDTM 
(Figure 3.4.1) may be described as square pyramidal 
with the ligand DEDTM bonding through its (S)-atoms 
as a ots-chelate to two basal positions in the antimony 
coordination sphere. The observed stereochemistry is 
consistent with VSEPR predictions for an AB^E system, 
a pseudooctahedral system with the lone pair taking up
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Table 3.4.1 Crystal data for SbCl^DEDTM
Formula C7Hl4N2S2C13Sb
M 418.3
Crystal Class Monoclinic
Space group P21
Absences oko, k = 2n + 1
a (8) 10.841(8)
b(8) 8.276(9)
c (8) 10.185(11)
6 (°) 120.94(8)
U(83) 757.7
Z 2
y(Mo Ka) (cm-1) 23.3
Dm (g, cm-3) 1.55
Dc (g, cm 3) 1.55
x (8) 0.7107
F (000) 408
Crystal size (mm) 0.5 x 0.5 x 0.1
Rotation axis b
2©ma* 100°
Number of data 912
Criterion for data Inclusion I > o(I)
Number of data used in 
refinement 558
R 0.15
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Table 3.4.2 Atomic Positions for SbCl^ .DEDTM
X Y Z
Sb 1723(14) 2500 -0000(15)
Cl(l) 3536(68) 0394(68) 0037 (72)
Cl (2) -0167(65) 0535(67) -2059(63)
Cl (3) 1939 (54) 0557(67) 2109(60)
S (4) 4023(48) 4303(56) 2007 (59)
S (5) 2098(57) 4294(80) -1978(53)
C(l) 350(13) 649(14) 138(12)
C (2) 196(14) 626(15) -147(12)
C (3) 161(15) 642(16) -006(14)
N(l) 377(18) 827(20) 226(17)
N(2) 175 (21) 834 (24) -248(21)
The positions of the remaining atoms are so doubtful 
that they are not reported here.
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Table 3.4.3 Bond lengths (8) and angles (°) for SbClj.DEDTM
Sb(l) - Cl (1)
Sb (1) - Cl (2)
Sb (1) - Cl (3)
Sb (1) - S (4)
Sb (1) - S (5)
Cl (1) - Sb (1)
Cl(l) - Sb (1)
Cl(l) - Sb (1)
Cl(l) - Sb (1)
Cl (2) - Sb (1)
Cl (2) - Sb (1)
Cl (2) - Sb (1)
Cl (3) - Sb (1)
Cl (3) - Sb (1)
S (4) - Sb (1)
2.30 (6) 
2.59 (4) 
2.60(5) 
2.67(4) 
2.69(6)
Cl (2) 86.1 (21)
Cl (3) 84.8(22)
S (4) 84.1(19)
S (5) 83.9(22)
Cl (3) 89.2(18)
S (4) 169.7(23)
S (5) 94.9(20)
S (4) 93.0(17)
S (5) 167.6 (17)
S (5) 81.0(16)
Remaining dimensions were constrained in the refinement 
and so are not reported here.
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one of the octahedral positions on the antimony coordina­
tion sphere. The Sb atom is below the Cl2» Cl3, S, S plane 
(I) and the angles Cl(1)-Sb-Cl(2) 86.1 (21)°, Cl (1)-Sb-Cl(3)
84.8 (22)°, Cl (1)-Sb-S(4) 84.1 (19)°, Cl (1)-Sb-S(5)
83.9 (22)°, all less than 90° by a long way, emphasising 
the stereochemical influence of the lone pair.
Sb-Cl bond distances (2.60, 2.59 and 2.30 8) fall into two 
groups the two ais to the lone pair are longer than Sb-Cl 
distances found in pure crystalline SbCl^ (2.34, 2.38,
2.38 8) while the bond trans to the lone pair is a little 
shorter. This lengthening of two Sb-Cl bonds is also 
attributed to the influence of the lone pair. However, 
the Sb-S distances in SbCl^.DEDTM (2.67, 2.69 8) are 
considerably shorter than Sb-S distances (aa. 3.2 8) in 
the ligand bridged polymeric complexes of SbCl3 with 
dithiooxamides and cyclic thioethers.
AB5E geometry where the lone pair acts at one 
of the octahedral positions resulting in the lengthening 
of B-A bonds oie to the lone pair has been observed in
2many antimony(III) complexes. The structure of the [SbClg] 
ion in [NH412[SbCl5J151 and KjSbClg32 shows the 
antimony in a pseudooctahedral environment with the lone 
pair presumably occupying one of the positions. In both
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these structures, Sb-Cl Bonds ois to the lone pair are in the 
range 2.5-2.8 8 while the shorter Sb-Cl is 2.35-2.39.
Another example is that of the 1:2 adduct of SbCl3 and pyridine31
The structure of SbClj.DEDTM is the first example 
of an antimony(III) complex with a ois chelating ligand 
resulting in a square pyramidal complex. No chelates were 
observed between SbCl3 and the analogous dithiooxamide 
ligands. It is possible that the ligand bite in dithiooxamides 
is too small for chelate formation. The bite in malonamides 
is larger and more flexible. The six-membered ring formed 
in SbCl3DEDTM shows a boat conformation.
The structure of the ligand is not available for 
comparison since no suitable crystals could be obtained but 
what is curious is that this complex does not have the 
trana-(S,S)-bridging mode observed in SbCl3DEDT01 5 and 
SbCl3.DIPDT01 5.
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3.5 COMPLEXES OFSrCl^ WITH DEDTM, DPDTM, DBDTM
Tin tetrachloride reacted with the dithiomalonamide ligarth 
in benzene solution (1:1) forming light coloured precipitates.
These were washed with benzene and dried in vacuo. Due 
to the fact that these solids were extremely air/moisture 
sensitive, all manipulations had to be carried out under 
an inert atmosphere. The powders were insoluble in common 
non-coordinating solvents but they dissolved with a 
colour change to give yellow solutions in acetone and 
boiling benzene. The complexes are listed in Table 3.5.1 
together with their principal i.r. bands.
Table 3.5.1 Principal i.r. bands of the complexes (cm 1)
Compound v (NH) 
fe.br) (s )
v (CN) 
(s)
v (CS)
(w )
w (NH) 
(> )
v(MX/MS) 
<v.s )
SnCl4DEDTM 3260 ,3140 1590 800,773 687 315
DEDTM 3180 ,3060 1540 875,795 645
SnCl4DPDTM 3245 , 3130 1580 807 660 309
DPDTM 3200 , 3060 1540 875,750 620
SnCl4DBDTM 3260 , 3130 1585 885,765 660 310
DBDTM 3200 , 3040 1535 890,800 675
I n  t h e s e  c o m p l e x e s  t h e  v ( C N )  b a n d  m o v e s  t o  
h i g h e r  f r e q u e n c i e s  a n d  t h e  v ( C S )  m ove s  t o  l o w e r  f r e q u e n c i e s  
o n  c o m p l e x a t i o n ,  i n d i c a t i n g  ( S ) - d o n a t i o n  t o  t h e  m e t a l .
I n  a l l  p r e v i o u s  c o m p l e x e s  w i t h  d i t h i o o x a m i d e s  o r  
d i t h i o m a l o n a m i d e s , t h e  \> (N H ) b a n d  h a s  r e m a i n e d  l i t t l e
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affected by complexation, however in SnCl4 malonamide
complexes, the v (NH) region becomes a little more complex
on complex-formation being split into up to four bands.
The Sn-Cl stretching region of the spectrum is complicated
by the possibility of vibrational mixing with Sn-S
vibrations. A prominent band at 310-315 is expected to
68 152have a major Sn-Cl contribution '
Unfortunately *H n.m.r. data are not very
informative since 6 values remain essentially unchanged on
complexation. We favour an (S,S)-chelate ligand attachment
to SnCl..4
After many attempts at recrystallisation, we were 
able to isolate crystals from a solution of SnCl.DEDTM in 
benzene.
I.r. absorptions: (cm *) (Nujol mull) 3280 v(NH), 1545 v(CN),
790 v(CS), 670 u(NH), 514 v(S-S),
310,280 v(Sn-Cl)
(Found: C 23.35, H 3.62, N 8.09 Calculated for
Cl4H26S4N4C16Sn 
C 23.67, H 3.66, N 7.89%)
An X-ray crystallographic study has revealed
that this product is not the presumed six coordinate
neutral adduct but rather the salt-like structure
[EtNHC (S)CHC(S)NHEt ]2[SnClg] featuring the hexacloro-
stannate ion.
SnCl  ^Complexes in Solution
Relatively fewer studies of SnCl4 complexes and 
their reactions in solution have been reported. SnCl4
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forms a 1:1 complex with 2,2'-bipyridine with a log k > 7 ,
154while with acetonitrile, a oie 2:1 complex is formed
Polarographic studies show that SnCl4 is essentially a
non-electrolyte in acetonitrile but forms the stable 
2-SnClg species upon the addition of chloride ion. The
formation of octahedral hexahalogenometallates of the
type AjSnXg (A = univalent cation, X = halogen) on
155addition of excess halide is well documented . Structural
studies utilising both single crystal X-ray diffraction156
and halogen n.q.r.157 techniques show variations of
2 -Sn-X bond length within these SnXg species. Evidently
the choice of cation is crucial especially where hydrogen
bonding may reasonably be expected157^ 1,15®.
Our interest in the solution studies of SnCl.4
complexes stems from the successful isolation of the 
ionic product [EtNHC(S)CHC(S)NHEt ]2[SnClg] which we 
proceed to describe in the next section.
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3.6 CRYSTAL AND MOLECULAR STRUCTURE OF
[EtNHC(S)CHC(S)NHEt]2 [SnClc] , AN 
UNUSUAL PRODUCT FOLLOWING THE RECRYSTAL­
LISATION OF THE ADDUCT SnCl D^EDTM FROM BENZENE
The crystal data and refinement details are given
in Table 3.6.1, atomic coordinates in Table 3.6.2, and
bond lengths and angles in Table 3.6.3; Figures 3.6.1 and 3.6.2
shows the molecular arrangement. The structure consists
2 —of discrete centrosymmetric SnCl,. anions andD
[EtNHC(S)CHC(S)NHEt]+ cations in the ration 1:2. The
ions are connected via N-H...Cl hydrogen bonds. N(ll)
is involved in a single hydrogen bond viz. N (11)...Cl(3)
3.33 8, N (11)-H. . .Cl (3) 165°. However, the arrangement
around N(31) is more complicated and it forms a bifurcated
2-hydrogen bond to two chlorines from a SnClg anion.
Dimensions are N (31) . . .Cl (l') 3.46, N (31) . . . C1 (3') 3.54 with 
angles N ( 31)-H . . .Cl (l') 105 and N ( 31)-H . . .Cl (3^  153°.
This hydrogen bond formation is a significant 
feature in structures of the dithiooxamide complexes 
BiCl3DEDTC>2 and SnBrDBDTO (see Section 2.7 and 2.8) 
where all the -NH groups are involved in hydrogen bonding.
In the present structure, the three Sn-Cl bond lengths are 
different: Sn-Cl(l) 2.422(1), Sn-Cl(2) 2.405(1), Sn-Cl(3)
2.467(1). It is significant that the longest Sn-Cl bond 
involves the chlorine atom Cl (3) that forms the strongest 
hydrogen bond. Indeed all three bonds are consistent
with the theory that the formation of hydrogen bonds
i . , „ _ . .158(a)lengthens the Sn-Cl bond
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1------i +Figure 3.6.1 The Crystal Structure of [EtNHC(S)CHC(S)NHEt]
Figure 3.6.2 The Molecular Arrangement in 
[EtNHC(S)CHC(¿)NHEt]2[SnClg]
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Table 3.6.1 Crystal data and refinement details for
[EtNHC (i>) CHC (S)NHEt] 2[SnClg]
Compound
Formula
M
Crystal class 
Space group
a (8)
b (8)
c (8)
a (°)
6 (°)
y (°)
u (83)
z
V (MoKa)(cm 1
Dm (g, cm 3)
DC (g, cm 3)
X (8)
F (000)
Crystal size (mm)
Rotatiojj axis 
26ma* ( )
Number of data measured
Number of data used in 
refinement
Criterion for data inclusion
[EtNHC(S)CHC(S)NHEt)2 [SnClg]
Cl4H26S4N4SnC16
709.8
Triclinic
PI (from the successful 
structure analysis)
9.047(7)
9.429(8)
9.935(8)
80.4 (1)
63.0(1)
65.6(1)
687.5
1
18.1
1.71
1.71
0.7107 
354
0.3 x 0.3 x 0.3
b
50
3716
3260
I > 3o X
Final R value 0.064
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Table 3.6.2 Atomic Coordinates (x 10^) for 
[EtNHC(S)CHC(S)NHEt IjlSnClg] 
with Estimated Standard Deviations 
in Parentheses
ATOM X Y Z
SN (1) 0( 0) 0 ( 0) 0 ( 0)
CL (1) -1008( 2) 1692( 2) 2089( 1)
CL (2) 2831( 2) 303( 2) -1187 ( 2)
CL (3) -1297( 2) 2294( 2) -1304 ( 2)
S (1) 694 3( 3) 3747( 2) 5566 ( 2)
S (2) 8365 ( 3) 4974( 2) 3984 ( 2)
C(l) 7234( 7) 6684 ( 7) 5098 ( 6)
C (2) 5908( 7) 6628( 6) 652 3 ( 6)
C (3) 5635( 7) 5251( 5) 6920( 6)
N (11) 7688( 8) 7882( 7) 4509 ( 6)
C (12) 6959 ( 9) 9348 ( 7) 5313 ( 8)
C (13) 7940 (12) 9255( 9) 6252 (11)
N (31) 4425 ( 7) 5014 ( 5) 8237 ( 6)
C (32) 4115(11) 3569( 8) 8649 ( 9)
C (33) 2674(20) 3698 (12) 10162(11)
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T a b l e  3 . 6 3 Bond l e n g t h s  ( 8 )  and a n g l e s  ( ° ) f o r  [EtNIIC (S)CIIC (S)NIIEt ) 2 | S n C l 6 )
ANION
SN ( 1 ) - CL ( 1 ) 2 . 4 2 2 (  1)
S N ( 1 ) - CL ( 2 ) 2 . 4 0 5 (  1)
SN ( 1 ) - CL ( 3) 2 . 4 6 7 (  1)
CL ( 1 ) - SN ( 1 ) - CL ( 2 ) 9 0 . 5 9 (  5)
CL ( 1 ) - S N ( 1 ) - CL ( 3 ) 8 9 . 2 6 (  5)
CL ( 2 ) - SN ( 1 ) - CL ( 3 ) 9 0 . 7 2 (  6)
CATION
S ( 1 ) - S (2) 2 . 0 6 3 (  3)
S ( l ) - C ( 3) 1 . 7 3 8  ( 5)
S ( 2 ) - c m 1 . 7 5 4  ( 6)
c m - C (2) 1 . 3 9 0  ( 7)
C ( 1 ) - N ( 11 ) 1 . 3 1 6  ( 8)
C ( 2 ) - c o ) 1 . 382 ( 7)
C ( 3) - N O D 1 . 3 2 9  ( 7)
N ( 11 ) - C ( 12) 1 . 4 5 5  ( 9)
C ( 12 ) - C ( 13) 1 . 5 2 5 ( 1 1 )
N ( 31 ) - C ( 32) 1 . 4 5 9  ( 7)
C ( 32 ) - C 0 3 ) 1 . 4 5 8 ( 1 1 )
S (2 ) - s m - C (3 ) 9 4 . 6 3 ( 2 0 )
S ( l ) - S (2 ) - c m 9 5 . 4 9 ( 2 0 )
8 ( 2 ) - C ( 1 ) - C ( 2 ) 1 1 5 . 3  ( 4)
S (2  ) - c m - N ( 11 ) 1 1 7 . 9  ( 4)
C ( 2 ) - c m - N i l i ) 1 2 6 . 8  ( 5)
c m - C ( 2 ) - C O ) 1 1 7 . 6  ( 4)
S (1 ) - C ( 3 ) - C ( 2 ) 1 1 7 . 0  ( 4)
s m - co» - N O I ) 1 1 8 . 3  ( 3)
C (2 ) - C O ) - N O D 1 2 4 . 8  ( 4)
c m - m m - C ( 1 2 ) 1 2 4 . 7  ( 5)
N ( l l ) - C ( 1 2 ) - C O S ) 1 1 1 . 5  ( 5)
C O ) - N O D - C 0 2  ) 1 2 4 . 8  ( 5)
N O D - C 0 2 ) - C O S ) 1 1 1 . 2  ( S)
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The five-membered 1,2-dithiolynium ring in the 
cation (Figure 3.6.1) is planar within experimental error 
(see Table 3.6.3). The N-C groups are also coplanar.
However, C(13) is twisted well out of the plane but 
C(33) remains in the plane. It is only the positions 
of these final carbon atoms of the ethyl group that prevent 
the cation having Cs symmetry within experimental error.
Compounds with similar heterocyclic rings have
been the subject of several structural investigations1^  1®^.
Such rings are planar and within the ring, conjugation
also extends over the S-S bond to give a pseudo aromatic
system. In our structure, the two C-C bond lengths
1.38, 1.39 8 are as expected but the C-S and S-S distances
are longer than might be expected in a planar aromatic
ring, the S-S distance being within the usual range
(2.059-2.108 8)163 for S-S single bonds. A survey of
16421 crystal structures with S-S bonds showed a range of
bond lengths from 1.999 to 2.082. A correlation was
found between the S-S bond lengths and the X-C-S-S
(X = C or N) torsion angle. When X-C-S-S is between
-20° and 20°, the average S-S bond is 2.03 8 (15 structures)
while between 70° and 90° the distance is 1.08 8 (6 structures).
Our distance is 2.063(3) 8 and the torsion angles are
close to 0°. This fact could be due to the influence of
the positive charge on the ion.
s —  s
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However, in structures of the 1,2-dithiolynium 
halides1^ , the S-S distances are also in the 
range 2.00 to 2.03. In these halides, it is found that 
the sulphur atoms have close interaction with the halide 
anions (S-- I oa. 3.5 X) .
In the present structure (see Figure 3.6 .2) the S,S,C1 
triangle formed has a rather similar geometry to that found in
the above halides but the S-- Cl distances are rather long
at 3.55, 3.60, S(l)-- Cl(l), S(2)---Cl(l) respectively
and these could represent just Van der Waals contacts.
However, as is clear from the Figure this Cl(l) atom is 
approximately coplanar with the ring.
Other than the distances discussed above there are
no interactions of note between ions.
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Aside from the structural interest in the 
2 —dithiolinium ring and SnClg vis-a-vis hydrogen bonding, 
we are quite interested in the actual formation of such a 
species from our neutral adduct in benzene solution.
The observed pink—► yellow colour change following 
dissolution in benzene provided the first hint of a 
structural reorganisation of the Sn(IV) complex.
Frequency values of the v(Sn-Cl) i.r. bands observed for
2-  -1 the yellow SnClg complex at 280 and 310 cm suggest
2—that the Sn-Cl bonds in SnClg anion are weaker than 
the Sn-Cl bond in Me^Sn-Cl (330-336 cm 1) and Me2SnCl2 
(320-350 cm-1)165-167. The multiplicity of the bands 
suggests a deformation in the SnClg octahedron, 
v(Sn-Cl) for SnClg2- in (NH4)2SnClg is 312 cm-1. It is 
possible that this deformation is associated with the link 
to the cation as well as hydrogen bonding with some of 
the protons on the ring.
In the high frequency region of the spectrum, 
v(NH) is shifted to higher energy, from 3180 cm , in 
the free ligand, to 3280 cm 1 in the complex which 
suggests an increase in electron density along the N-H 
bond. It is interesting that vCN (1540 cm-1) is not greatly 
shifted by dithiolynium ring formation although increased 
multiplicity of this band is observed. The v (C-S) band 
at 875 cm-1 in the ligand is shifted to lower energy 
(790 cm-1) indicating the expected reduction in C-S 
double bond character. This is reflected by C-S bond 
distances of 1.73, 1.75 8 compared with C“S 1.66 8).
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A new intense band at 514 cm 1 is assigned to a v(S-S)
, , 168,169vibrational mode
The above spectral assignments are consistent 
with the isolated product [EtNHC(S)CHC(¿)NHEt IjlSnClg] 
but throw very little light on the 'reaction pathway' or 
indeed any of the other products from this reaction. This 
is a reaction that we have just stumbled on and have not 
yet set out to do a systematic investigation of. We believe 
that adduct formation is the initial step of this reaction, 
then the adduct rearranges on boiling with benzene to give 
as one of the products, [EtNHC (S) CHC (S) NHEt ^[SnClg]
The n.m.r. spectrum of the yellow crystals, 6 H (220 MHz, 
solvent (CDj^*-0 ' standard Me^Si) 1.28 (6H, t, -CH^) »
3.62 (4H, m, -CH2-), 7.35 (1H, s, CH), and 9.90 (2H, 
br.s, -NH) shows only one significant change compared 
with that of the neat ligand, i.e. the appearance of 
the methyne (=CH-) singlet (6 7.35) in place of the 
original methene (-CHj-) singlet (6 6.03).
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Proposed Reaction Scheme:
SnCI.
S ^ ^ N H E t
ICH,
cS'* 'NHEt
Sn
NHEt 
H
~ c :NHEt
■ pseudo aromatic system 
(very stable.cl.pyridinium ion
The fate of the H+ and Sn(II) species is unknown.
It is unclear whether this reaction is unique 
to DEDTM or whether other dithiomalonamide ligands would 
undergo a similar rearrangement. Another point here is 
the specificity of the metal centre; would Ti(IV) for 
example, effect such a rearrangement? One final point: 
does the solvent participate in this rearrangement? The 
SbCl^ complex with DEDTM was recrystallised from benzene
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3.7 EXPERIMENTAL
Preparation of the Ligands
The malonamide derivatives - as obtained from the 
appropriate aminolysis of diethylmalonate - were treated 
with P4S1Q in boiling xylene following a modified route 
to that described by Hurd et all106for N,N1-disubstituted 
dithiooxamides. (NB: The Wallach reaction involving 
dithiomalonamide and the appropriate amine as starting 
materials was not used as the obvious synthetic route due 
to our inability to prepare dithiomalonamide itself in any 
reasonable quantities.)
Typically for N,N'-di-n-propyl Dithiomalonamide (DPDTM)
A solution of n-propylamine (44.5 cm3, 0.54 mol) 
in ethanol (50 cm3) was added to a stirred solution of 
diethylmalonate (41.0 cm3, 0.27 mol) in ethanol (50 cm3). 
The mixture was maintained at 50°C for several hours.
On cooling, a white crystalline mass slowly precipitated. 
This was filtered, washed with ether and dried under vacuum. 
Yield: 20 g, 40%.
A s u s p e n s i o n  o f  N , N ' - d i - n - p r o p y l m a l o n a m i d e  (5  g ,
26 m m o l)  i n  b o i l i n g  x y l e n e  was t r e a t e d  w i t h  a l a r g e  e x c e s s  
o f  p h o s p h o r u s  p e n t a s u l p h i d e  p o w d e r  (40 g ,  90 m m ol) 
f o l l o w i n g  i n c r e m e n t a l  a d d i t i o n s  (<v> 5 g )  o v e r  a p e r i o d  o f  
a p p r o x i m a t e l y  2 h o u r s . T h e  m i x t u r e  was s t i r r e d  
m e c h a n i c a l l y ,  h e a t e d  a t  r e f l u x  f o r  12 h o u r s  a n d  t h e n  
m o s t  o f  t h e  x y l e n e  w a s d i s t i l l e d  o f f .  W a t e r  (^  300 cm 3 ) 
w as a d d e d  t o  t h e  r e s u l t i n g  m i x t u r e  a n d  t h e  s y s t e m  w a rm ed
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over a water bath. The evolved H2S (sometimes vigorous) 
was conveniently "trapped out" by bubbling through warm 
saturated solutions of potassium permanganate. The 
xylene layer was decanted and the remaining aqueous 
phase was treated with methanol for extraction of the 
product. The resulting orange-brown liquid was repeatedly 
boiled with activated charcoal and filtered until a clear 
orange solution was obtained. Evaporation gave an orange- 
brown solid which was recrystallised from ethanol to give 
orange crystals which were pumped dry at the vacuum line.
Yield 3.0 g (51%) .
The spectral data for this and other derivatives 
is given in Tables 3.3.2 and 3.3.3.
Preparation of SbCl^ Complexes
All manipulations were conducted under an inert 
atmosphere most often using a dry nitrogen flushed gloved-box. 
An all glass vacuum line system was used on occasion. To 
illustrate the procedure, we describe the preparation of 
the SbCl3 complex with N,N'-di-n-butyl dithiomalonamide.
A solution of N,N'-di-n-butyl dithiomalonamide 
(0.97 g, 3.9 mmol) in benzene (150 cm3) was added dropwise 
to a stirred solution of antimony trichloride (0.90 g,
3.9 mmol) in benzene (70 cm3) maintained at 273 K. The 
resulting solution was stirred overnight. Solvent was 
alowly removed until the onset of crystallisation. The 
solution was allowed to stand to facilitate crystal growth.
The yellow solid which deposited was recrystallised from 
benzene to give yellow needles. The solid was pumped
163
dry at the vacuum line and sealed, under nitrogen, in 
glass tubes.
Analytical data for this and other products are 
collected in Table 3.3.1.
Preparation of SnCl  ^Complexes
We choose to illustrate the preparation of SnCl4 
complexes by the procedure that led to the unexpected 
cyclisation product.
A solution of DEDTM (0.635 g, 3.3 mmol) in
benzene (70 cm^) was added dropwise to a stirred
3 3solution of SnCl^ (0.4 cm , 3.47 mmol) in benzene (100 cm ).
The pink precipitate that formed was stirred for 12 hours.
The solvent was decanted off and the powder washed with
redistilled benzene (2 x 100 cm^) at the vacuum line
before being dried in vacuo and sealed under nitrogen in
glass tubes.
I.r. spectrum (Nujol mull) cm 1, vm_„: 3260, 3140, 3040max
(selected bands) (NH); 1590 (CN); 800, 773 (CS) ;
315 (MX/MS)
The pink powdery SnCl^DEDTM dissolved in boiling benzene 
to give a yellow solution. Slow evaporation of this 
benzene solution at room temperature under nitrogen yielded 
well formed yellow needle-shaped crystals suitable for 
crystallographic study, i.r. spectrum is presented here for 
comparison.
Selected bands (cm-1), vm s 3280, 3060 (NH); 1545 (CN);max
790 <CS); 310, 280 (MX).
CHAPTER 4
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CHAPTER 4
OXAMIDES, MALONAMIDES, SUCCINAMIDES AND 
THEIR COMPLEXES WITH SbCl3 AND SnCl4
4.1 INTRODUCTION
In this Chapter, reactions of various amide ligands 
are considered; the types of ligand used are shown below together 
with their abbreviation as referred to in the text.
° « c ^ n h r
<^)n
0" NHR
R = -CH 3 "C2H5 -C3H7 ”C4H9 tc4H9 - o
Oxamides (n = 0) DMO DEO DPO DBO DTBO DCXO
Malonamides (n = 1) DMM DEM DPM DBM DTBM DCXM
Succinamides (n = 2) DES
These oxo-species can act as bidentate ligands 
coordinating through both oxygen atoms, or both nitrogen 
atoms, or one oxygen and one nitrogen. As potential (0,N) 
ligands, they have attracted much attention and have been 
characterised spectroscopically and crystallographically. 
The crystal structures of oxamide(I)170 and succinamide171 
are shown below.
I ¡«»»
(II)
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Oxamide molecules are planar in the solid state 
being held in sheets by hydrogen bonds. Succinamide molecules 
also feature strong hydrogen bonds. Values for C-N and C-0 
bond lengths are intermediate between those of formal single 
and double bonds as a result of delocalisation of electron 
density in the NCO unit. As with dithiooxamides, skeletal 
C-C bond distances for oxamides are in agreement with a 
single bond formulation hence only minimal delocalisation 
may be expected between the two NCO moieties.
The crystal structure of succinamide shows well 
resolved hydrogen atoms and bond angles of  ^ 120° around 
the N atom to confirm sp2 type hybridisation required for 
a delocalised system. A trans 0,0 arrangement observed in 
these ligands is analogous to the trans S,S arrangement 
in dithio-ligands.
Coordination Chemistry oi the Various Amides
Many transition metal complexes with oxamides
and their N-substituted derivatives have been prepared.
In alkali conditions, deprotonation of the N-sites
results in N,N' chelation to Cu(II), Cu(III), Ni(II), Ni(III),
172,173Pd(II) , Co(III) as supported by i.r. spectroscopy 
This assignment has been confirmed by the crystal 
structure of the sodium salt of Nickel(II)-N-(hydroxyethyl)- 
oxamide :
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Here, square planar Ni(II) is surrounded by four nitrogen 
atoms of two substituted oxamide ligands following 
deprotonation at amine sites. Nickel complexes with 
stoichiometries: Ni.L, Ni.L2 and Ni.L^ (L = N-monosubstituted 
or N,N'-disubstituted oxamide) have been isolated and 
characterised by their vibrational data*^3. The donor 
behaviour of N,N'-disubstituted oxamides and malonamides 
in non-aqueous conditions towards some Group (IV) halides 
has been investigated by Wade and Willey^3 They
isolated complexes of DMO and DEO with SnCl^ and TiCl^ 
and characterised them by their i.r., 1H n.m.r., 13C n.m.r. 
and conductivity data. They found the complexes to be 
non-conducting and discussed their i.r. data in terms 
of (0,0) donation to the metal. Cia octahedral structures 
C2v were proposed and a comparative study of SnCl4 and TiCl^ 
oxamides veraua dithiooxamides showed that for these 
Group (IV) (A and B) metals, (S)-donors are more strongly 
bound to the metal than the corresponding (0)-donors.
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As with dithiooxamide complexes. X-ray structural evidence is 
really needed to confirm the predicted (0,0) chelation.
Our interest in such complexes stems from the 
success of the (S,S) systems where dithiooxamide ligands 
were found to be (S,S)-trans in both the free ligand and 
their complexes with Sb(III), and ci8 -(S,S) chelates 
with Sn(IV) and Bi(III) halides. The object 
of this study is two fold.
(a) The preparation and characterisation of more 
oxamide and malonamide complexes in non-aqueous 
systems as a reference data-bank to decide the 
relative donor order o v S ^ N towards reference 
Lewis acids.
(b) Possible structural confirmation of the 
favourable bonding modes.
The list of complexes reported in this thesis is by no means 
exhaustive, only a few selected Sb(III) complexes have been 
studied. What is really needed is a similar range of 0-systems 
to that of S-systems, from which comparisons would follow. 
Efforts to this end are currently under way. Unfortunately, 
we have not been able to obtain suitable crystalline 
samples for X-ray crystallography to date.
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4.2 COMPLEXES OF SbC!-, AND SnCL, WITH
N,N’-PISUBSTITUTED OXAMIDES AND MALONAMIDES
The complexes selected for study (see Table 4.2.1) 
were prepared by direct addition of a benzene solution of 
the appropriate ligand to an equimolar benzene solution of 
antimony trichloride. These ligands were much less 
soluble in benzene than their "thio" counterparts hence 
larger volumes of solvent were used and in some cases the 
ligand was dissolved in dry dichloromethane. If addition 
resulted in immediate precipitation of the white adduct, then 
the adduct was washed with benzene, otherwise slow 
evaporation was employed to facilitate crystal formation.
The adducts were extremely air/moisture sensitive; most 
of them were insoluble in non-coordinating solvents but a few 
were sufficiently soluble in CDC13 to permit a limited study 
of their XH n.m.r. spectra.
P r i n c i p a l  i . r .  v i b r a t i o n a l  b a n d s  o f  t h e  l i g a n d s  a n d  
a d d u c t s  a r e  p r e s e n t e d  i n  T a b l e  4 . 2 . 2 .  A s s i g n m e n t s  f o l l o w  
t h o s e  o f  D e s s e y n  a n d  c o w o r k e r s 173 ^  ' 1 7 5 ' 1 7 ® . T h e  d i r e c t i o n  
o f  f r e q u e n c y  s h i f t  o f  t h e  v ( C O )  b a n d  c a n  b e  u s e d  t o  
d i s t i n g u i s h  b e t w e e n  o x y g e n  b o u n d  a n d  n i t r o g e n  b o u n d  a m i d e ,  
viz.  a  d e c r e a s e  i n  f r e q u e n c y  a c c o m p a n ie s  o x y g e n  c o o r d i n a t i o n  
w h e r e a s  n i t r o g e n  b o n d i n g  s h o u l d  l e a d  t o  a  f r e q u e n c y  i n c r e a s e .  
S b C l 3 c o m p l e x e s  w i t h  D E O , D P O , DBO show  t h e  lo w  e n e r g y  s h i f t  
o f  v ( C O )  b u t  t h e  v ( C N )  i s  l i t t l e  a f f e c t e d .  A p p r e c i a b l e  
h i g h  e n e r g y  v ( C N )  s h i f t s  a r e  o b s e r v e d  h o w e v e r  f o r  
S b C l j  c o m p l e x e s  w i t h  DTBO a n d  D CX O . A l l  S b C l 3 c o m p l e x e s  
show  t h e  i n t e n s e  v ( N H )  b a n d  a t  ~ 3300 cm- 1 , s o m e t im e s  w i t h  
m u l t i p l e t  c h a r a c t e r ,  w h i c h  may be  a t t r i b u t e d  t o  s o l i d
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T a b l e  4 . 2 . 1  M i c r o a n a l y t i c a l  d a t a  f o r  s c l c c t c d  c o m p l c x e s
Compound C H N ( E l e m e n t o  1 O b s e r v e d / C o l c u l a t e c i
S b C 1 3 . DEOj . 5 2 2 . 1 5 / 2 4 . 3 1 3 . 7 0 / 4 . 0 5 8 . 6 5 / 9 . 4 5
S b C 1 3 . DPOj . 5 3 4 . 0 2 / 2 9 . 6 2 5 . 8 1 / 4  . 9 3 1 0 . 0 4 / 8 . 6 3
S b C l j . D B O j .5 3 3 . 7 1 / 3 4 . 0 3 5 . 7 2 / 5 . 6 8 7 . 9 0 / 7 . 9 5
S n C l 4 .DEO 1 7 . 4 8 / 1 7 . 8 0 2 . 8 9 / 2 . 9 7 7 . 1 8 / 6 . 9 2
S b C 1 3 . DEM 2 1 . 6 6 / 2 1 . 7 6 3 . 6 7 / 3 . 6 2 7 . 2 5 / 7 . 2 5
T a b l e  4 . 2 . 2 P r i n c i p a l  i . r .  b a n d e (cm *) f o r c o m p l e x e s
Compound i» (N-H) 
( » )
y ( C - O )
(».Dr)
V(C-N) y ( M -C 1 )
DMO 3315 1660 1535
DEO 3298 1652 1525
S b C l 3 .DEOl 5 3328 1632 1512 305
S n C l 4 .DEO 3340 « 3280 1650 1595 3 3 8 , 2 8 5
3 2 3 0 , 3139 1575 230
DPO 3 301 , 3060 1654 1530
SbC1 3 . DPOj 5 3 2 9 5 , 3060 1615 1528 3 3 7 , 3 0 7
DBO 3300 1650 1532
S b C l 3 . DBOj 5 3 3 1 0 , 3072 1650 1528 3 3 0 , 2 8 5
DTBO 3330 1665 1500
SbC 1 3 . DTBO| 5 3 3 5 8 ,
3 2 0 0 ,
3310
3143
1638 1520 3 4 0 ,2 8 1
DCXO 3288 164 8 1520
SbC 1 3 . DCXOj 5 3330 1616 1528 3 5 0 , 3 2 8 , 2 9 9
264
DMM 3 2 9 0 , 3080 1650 1550
SbC1 3 . DMM 3 3 2 0 , 3180 1615 1570 310
DEM 3 2 9 0 , 3079 1630 1550
SbC 1 3 . DEM 3 2 9 2 , 3095 1610 -  1580 2 8 0 , 3 3 5 , 3 7 6
S n C l 4 .DEM 3 3 9 0 , 3 35 5 1635 1576 325
DPM 3 2 9 0 , 3090 1651 1562
DBM 3 2 9 0 , 3090 1631 1562
DTBM 3 4 4 0 , 3300 1650 1 5 8 0 ,  1550
DCXM 3292 1661 1543
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T a b i c  4 . 2 . 3 n . m . r . s p e c t r a l  d a t a  f o r  t h e  c o m p l e x e s  (<*> p . p . m . )
. : J-. \'-:r .?
Compound -Nil . . . ( s , b r ) C , l 2 C , , 2 C , l 2 C"  3
DCO 7 . 5 7 3 . 3 8  m 1 . 2 3  t
SbC1 i . DEO, * 7 . 7 4 3 . 3 8  m 1 . 2 2  t
DPO 7 . 6 8 3 . 3 1  q 1 . 6 2  m 0 . 9 6  t
S b C 1 ? . DPO, ^ 7 . 7 3 3 . 3 1  q 1 . 6 3  m 0 . 9 6  t
DBO 7 . 7 8 3 . 3 2  q 1 . 5 5  m 1 . 38 m 0 . 9 2  t
S b C l  v DBO| 7 . 7 6 3 . 3 5  q 1 . 5 7  m 1 . 3 9  m 0 . 9 3  t
DTBO 7 . 4 5 1 . 38 s
SbC 1 1 . DTBO , «. 7 . 7 4 1 . 4 6  s
DCXTO 7 . 3 8 1 . 9 5 - 1 . 30 pi
SbC 1 j  DCXOj 5 7 . 4 1 1 . 9 6 -  1 . 2 8  pi
.  j> ' . ' ¿ r . i  .. V J
Compound NH( . . b r ) C* C -C II 2 - C * ° C M 2 C , ,3
DMM 7 . 6 4 3 . 2 2  s 2 . 8  3 (i
S bC l j .D K M 7 . 3 0 3 . 3 5  s 2 . 8 8  d
DEM 7 . 2 5 3 . 1 6  s 3 . 2 9  m 1 . 1 6  t
S b C l j .D E M 7 . 5 5 3 . 4 9  s 3 . 3 7  m 1 . 2 0  t
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T a b l e  4 . 2 . 3
i*-
l H n . m . r .  s p e c t r a l d a t a f o r t h e  c o m p l e x e s (A p . p . m . )
Compound - N" ( . . b r , C" 2 C , l 2 C " 2 a .  3
DEO 7 . 5 7 3 . 3 8 m 1 . 2 3 t
SbC l  i  .DEO, «. 7 . 7 4 3 . 3 8 m 1 . 2 2 t
DPO 7 . 6 8 3 .3 1 q 1 . 6 2  m 0 . 9 6 t
SbC l  7 . DPO, «. 7 . 7 3 3 .3 1 q 1 . 6 3  m 0 . 9 6 t
DBO 7 . 7 8 3 . 3 2 q l . 5 5  m 1 . 38 m 0 . 9 2 t
S bC l^ .D B O ,  * 7 . 7 6 3 . 3 5 q 1 . 5 7  m 1 . 3 9  m 0 . 9 3 t
DTBO 7 . 4 5 1 . 38 s
S b C l , .D T B O ,  «. 7 . 7 4 1 . 4 6 s
DCXTO 7 . 3 8 1 . 9 5 -  1 . 30 ri
S b C l j  DCXOl 5 7 .4 1 1 . 9 6 -  1 . 2 8  mi
Compound NH( . . b r ) C*C-C II 2 - C * ° c n 2 C . , 3
DMM 7 . 6 4 3 . 2 2  s 2 . 8 3 ci
SbC lj.DMM 7 . 3 0 3 . 3 5  s 2 . 6 6 cl
DEM 7 . 2 5 3 . 1 6  s 3 . 2 9 m 1 . 1 6 t
SbC l  ^ . DEM 7 . 5 5 3 . 4 9  s 3 . 3 7 m I . 2 0 t
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state/lattice effects. The complexes also show strong, 
multiplet v(M-Cl) bands 330 cm-1) which no doubt have 
contributions from internal ligand vibrational and also 
v(M-0) modes.
I.r. spectra of SbCl^.DMM and SbCl^.DEM conform 
to 0,0-bonding expectations. The spectrum of SbCl3-DEM 
shows a broad band between 1610-1580 cm 1 which has 
almost certainly both v (CN) and v (CO) contributions.
The ligand DEM shows bands at 1550 cm 1 (v(C-N)) and 
1630 cm-1 (v(C-O)).
A spectrum of SbCl3 (Nujol mull) shows two 
v(Sb-Cl) bands: a weak band at 350 cm 1 and a stronger 
broad band at 330-310 cm” . Changes in these bands on 
complexation reflect the redistribution of electron density 
within the Sb-Cl bonds. In most cases multiple strong 
bands are located below 400 cm-1 but no obvious pattern 
can be established yet, presumably charge transfer from 
the 0=0 group to the vacant d-orbitals of Sb can bring 
about a net decrease of the Sb-Cl bond order.
1H n.m.r. spectra of SbCl3 complexes are presented 
in Table 4.2.3. A broad N-H signal at 6 7.4-7.8 is a 
persistent feature in all the complexes indicating that 
no deprotonation takes place on complexation. These 
signals represent a slight downfield shift, w.r.t. 6NH for 
the uncomplexed ligand, in agreement with a deshielding 
effect of oxygen coordination to the metal. No such 
transfer of electron density from the alkyl groups onto 
the OCN group is expected and 6 values for R-substituents 
remain essentially unchanged following complexation.
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In the case of SbClg complexes with DMM and DEM, the 
backbone -CH2~ shifts downfield again indicating a transfer 
of electron density to the coordinating oxygen atom. This 
shift is greater for O-donors (e.g. for SbClgDEM,
A6(-CH2_) is -0.33) than for the corresponding S-donors 
(SbCl-jDEDTM, A6(-CH2-) is -0.08).
It would appear that for these oxamide 
complexes in general, the oxygen atom is only loosely bound 
to the metal making the ligand reasonably labile. As an 
example, an attempt to recrystallise SnCl4>DEM resulted in 
a ligand exchange reaction:
Cl NHEt Cl
c,\ l CM»_ / 3 C' \  1 ^ OSKM3>I_lsn CM, ♦ 2  ° “S —
Cl 1 Nc h3 C l ^  |
Cl NHEt Cl
(el*)
Colourless crystals were isolated from the reaction and 
subsequently characterised by X-ray crystallography as 
cts-SnCl.(DMSO)2 (see Fig. 4.2.1).
Although it is recognised that this result in
no way establishes the geometry of the malonamide in
SnClj.DEM reactant, we believe that a oia-arrangement is
similarly present there. For the complexes SbCl^.DEC^ 5;
SbCl^.DPO^ g, SbClg.DBOj g, an octahedral structure
with bridging ligands analogous to the structures of
SbCl-j.DEDTOj 5 and SbClg.DPDTOj 5 as established by
177X-ray crystallography is proposed. Correspondingly, 
no stereochemical activity of the lone pair is 
expected.
Proposed Structure for SbCl^ Complexes with 
Oxamides
Figure 4.2.1 The Crystal Structure of SnCl4 (DMSO)
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Five coordinate halo-Sb(III) species usually 
exist as a distorted square pyramid with a stereochemically 
active lone pair occupying a sixth position, e.g.
SbC1^•DEDTM, SbClg2- 178 and SbCl3.2(CgHg)3As073. In 
the (CgHg)3AsO adduct, the oxygen atoms occupy 
¿•¿s-positions at the base of the square pyramid. Judging 
from this, an analogous structure is proposed for 
SbCl3.DEM with an implicit stereochemically active lone 
pair. In this structure (I) the Sb-Clj^  distance is 
expected to be shorter than either Sb-Clj or Sb-Cl3 which 
suffer greater lone pair-bonding pair repulsion.
V1
l  1- - . . i  .  J  . Q  ««• »»“ jINHRu
A aia (0,0)-octahedral structure is proposed for 
SnClj.DEO, analogous to the structure of SnBr^.DBDTO.
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4.3 EXPERIMENTAL
Preparation of the Ligands
The methyl substituted ligands were prepared by 
treatment of the appropriate ethyl ester with a two fold 
excess of aqueous 25% MeNH2. For the ethyl derivatives, 
a 2:1 excess of anhydrous EtNHj was distilled onto a 
solution of diethyloxalate in methanol at 77°K in vacuo. 
The resulting mixture was allowed to warm up to room 
temperature and left to stand for several hours. A white 
solid precipitated out. The propyl-, butyl-, tertiary 
butyl-, and cyclohexyl- derivatives were prepared in 
an analogous manner to the methyl derivatives. The white 
microcrystalline solids were recrystallised from methanol/ 
ethanol solutions and dried in vacuo.
Complexes of SbCl-* with N ,N1-Disubstituted-Oxamides and 
Malonamides
The complexes were prepared by reactions between 
SbCl3 and the appropriate ligand in benzene solutions as 
illustrated by the preparation of SbCl^.DBO.
A solution of DBO (0.987 g, 4.8 mmol) in benzene 
(200 cm3) was added dropwise to a magnetically stirred 
solution of SbCl^ (1.10 g, 4.8 mmol) in benzene (100 cm3). 
The resulting solution was allowed to stir for 12 hours 
after which, removal of benzene gave a white precipitate 
which was washed (3 x 100 cm3) with re-distilled n—hexane 
and finally pumped for several hours at room temperature. 
M.p. 52-54°
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Found: C, 33.71; H, 5.72; N, 7.90 Calculated for
C10H20N2°2C13Sb! C ' 34*03' H' 5-68» N »
7.95.
In most cases, the yields were quantitative and the 
products were stored in glass ampoules under a nitrogen 
atmosphere. Analytical data are summarised in Table 4.2.1.
A Final Comment
The impetus to work on oxamide systems originates 
from the structural and spectroscopic results obtained for 
S-systems. When we embarked on the corresponding O-systems, 
rather than the blanket approach, we were more selective, 
i.e. smaller set of results. Preliminary set of results 
showed no controversy, so instead of going through the whole 
lot, we sought to invesigate other systems (see Chapters 
5 and 6) involving charged ligands.

CHAPTER FIVE
REACTIONS OF GROUP (VB) HALIDES 
WITH TOLUENE 3,4-DITHIOL
5.1 INTRODUCTION
General Chemistry of 1,2-Dithiolene Systems
Complexes of the general type
(R = CN, CgHg, CF.j and M = generally a transition metal)
undergo reversible and usually facile one-electron
transfer reactions which may be effected chemically or
electrochemically. These reactions have permitted
the synthesis of a wide range of complexes with total
charge, Z = 0, -1, -2. There has been an extensive study
179of 1,2-dithiolene complexes of transition metals 
leading to a substantial amount of polarographic data 
to support the redox processes:
Polarographic studies have also shown that the ease of 
reduction in solution follows the sequence of R substituents
a study of one-dimensional complexes of Ni, Pd, Pt, 
in order to investigate their optical properties as well 
as electrical conductivities. The nickel(II) complex
CN > CgH5 > CHj. Underhill and co-workers180 have initiated
with
T 178
which was recently prepared and characterised by X-ray 
1.81crystallography , can be oxidised with iodine to the
182 A similar examole
© ls + i
corresponding nickel(III) complex
where a nickel(III) complex is prepared from a 1,2-
dithiolene ligand and nickel(II) chloride is that of the
bis(cis-1,2-dicarbomethoxy ethylenedithiolato)nickelate(III) 
183ion . Here there is no 'obvious' oxidising agent and 
aerial oxidation is presumed. 1,2-Dithiolene complexes 
also feature extensive ground state ir-electron delocalisation 
and this aspect has received much structural attention1 '1^ . 
Argument continues as to the nature of dithiolato ligands 
in metal complexes; two extreme structures can be drawn, 
viz . ,
, X e© and
with reality somewhere between the two.
Interest in post-transition metal dithiolate
complexes developed somewhat later. Complexes of
Group (IIIB) involving In(I), In(III), and T1 have been 
186—188isolated . Some of these complexes exhibit the
18Qcharacteristic stepwise one-electron transfer , e.g.
3_polarographic reduction of In(S2C2(CN)2)3 in aqueous 
or absolute methanol solution showed in each case a 
series of reversible one-electron changes formally 
represented as:
In (III) In (II) * In(I) In
178
which was recently prepared and characterised by X-ray 
181crystallography 
corresponding nickel(III) complex 
. S ^  s
can be oxidised with iodine to the 
182 A similar examole
2©
s ♦ 2
©
S + I<T><T>'S--‘S^
where a nickel(III) complex is prepared from a 1,2-
dithiolene ligand and nickel(II) chloride is that of the
bis(oia-1,2-dicarbomethoxy ethylenedithiolato)nickelate(III) 
18 3ion . Here there is no 'obvious1 oxidising agent and 
aerial oxidation is presumed. 1,2-Dithiolene complexes 
also feature extensive ground state n-electron delocalisation 
and this aspect has received much structural attention3 
Argument continues as to the nature of dithiolato ligands 
in metal complexes; two extreme structures can be drawn, 
viz . ,
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with reality somewhere between the two.
Interest in post-transition metal dithiolate
complexes developed somewhat later. Complexes of
Group (IIIB) involving In (I), In (III), and T1 have been 
186—188isolated . Some of these complexes exhibit the
189characteristic stepwise one-electron transfer , e.g. 
polarographic reduction of In (S2C2 (CN) 2) . j 3  in aqueous 
or absolute methanol solution showed in each case a 
series of reversible one-electron changes formally 
represented as:
In (III) In (II) * In(I) In
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The structures of 1,2-dithiolene complexes with In(III)
190and Tl(III) have also been reported . With Group (IVB)
elements, dicyanoethylene-1,2-dithiolato complexes having
the general formula [M(S2C2(CN)2)3]  ^ (M = Si, Ge and
Sn) have been prepared presumably with a distorted
191octahedral geometry . 1,2-Dithiolene complexes of
Group (VB) elements also exhibit the characteristic 
redox behaviour; the violet Sb(V) complex obtained from
SbCl^ and 1,2-dithiolene was first isolated by Hoyer 
192and co-workers
i.Sbcia
2. oxidation
NEt.©
AsPli©
193Hunter has reported the synthesis of 
1,2-dithiolate complexes of antimony(III) and bismuth(III) 
with varying stoichiometries, e.g. [Sb(mn)2]- , Sb2 (td)3, 
[Bi2 (mn)2X4l", (Bi2 (mn)3X2]2_, [Bi2 (mn)514_ and Bi2 (td)3
(mn = )
with polymeric ligand-bridged structures. A polarographic 
study of these complexes provides an explanation for the 
instability of [Sb(mn)2l towards aerial oxidation.
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5.2 REACTIONS OF TOLUENE-3,4-DITHIOL
WITH POST TRANSITION METALS
Toluene-3,4-dithiol (td) is an attractive
choice as a potential (S,S) bidentate chelating ligand.
Reactions of td with trimethylaluminium, dimethyl
aluminiumchloride and with adducts of trimethylaluminium
have been investigated, yield three coordinate Al(III)
194complexes involving one toluene-3,4-dithiol ligand
Group (IVB) complexes with td were first prepared 
by Clark in 1936195. Poller and Spillman196 have pointed 
out that the red insoluble bis(toluene-3,4-dithiolato)- 
tin(IV) used in the colorimetric determination of tin 
is a coordination polymer:
A series of optically active compounds of the general 
formula: mt
(M = Si, Ge, Sn and Pb) has been synthesised and 
197partially resolved by chromatographic techniques.
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With Group (VB) elements, the 2:3 complexes Sb2 (td)3
19 3and Bi2(td)3 prepared by Hunter have already been
mentioned. Toluene-3,4-dithiol also forms a 1:1 complex
with bismuth (III), e.g. Bi(td)Cl, which has been reported
to form 1:2 adducts with pyridine and 1:1 adducts with 2,2-bipyridyl
19 8and 1,10-phenthroline . A whole variety of td complexes 
with Sn, Pb, Sb and Bi have been described by Gagliardi
1 QQand Durst to include [Et4N][M(td)2l (M = As, Sb, Bi),
[Et4N] [Sb (td) 3) and [Et4N] 2 [Sn (td) .j] . Conductivity data 
of the Group (VB) complexes show that they are all 1:1 
electrolytes while the Sn(IV) complex is a 1:2 electrolyte.
Because of their possible therapeutic potential, 
the 1:1 and 1:2 complexes of td with Group (VB) metals 
have been synthesised1 and characterised as part of a 
programme concerned with possible agents in the chemo­
therapeutic treatment of bilharzia.
Despite all this interest in toluene-3,4-dithiol 
complexes X-ray crystallographic structural information is 
minimal. We have therefore mounted a structural investigation 
with the following points in view:
(1.) To establish unambiguously the structures of
complexes with MCl3 (M = As, Sb, Bi) and assemble a 
databank.
(2) To compare the ligand bonding modes, and
the metal geometries observed in these td complexes,
with similar parameters observed in dithiooxamide complexes.
In dithiooxamide complexes, the coordinating sulphur 
atoms may be either oia or trana whereas in toluene-3,4-
182
dithiolate complexes they are 'locked' in the cis-formation. 
Consequently, formation of monomeric cis-chelates would 
be expected and would demonstrate that the
'bite' is amenable for M(III) = As, Sb and Bi. [While 
this work was in progress, the preparation of the cyclic 
dithiooxamides (A) and (B) was published200.
Cl S i m e *  
1 *
Si m e*  
1 3
Si m e .
s N r " N \
J
s  V
C I S i m e z S i m . 3
A B
Although these could be used to investigate the 'bite' 
effect(s), their preparation was not pursued because 
the reported yields were quite low (11%) - 1
(3) To compare the strengths of M-S bonds in these 
toluene-3,4-dithiol complexes with those of M-S bonds
in the corresponding dithiooxamides and indeed 
dithiomalonamides (see Chapters 2 and 3).
(4) To investigate the stereochemical and chemical 
significance of the formal lone pair present in these 
M(III) complexes.
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5.3 1:1 COMPLEXES OF MCI, (M 
WITH TOLUENE-3,4-DITHIOL
= As, Sb, Bi)
The 1:1 compounds were prepared by equimolar
addition of a solution of the metal chloride in methanol 
to a solution of toluene-3,4-dithiol in methanol. 
Chelation formation results following expulsion of two 
chlorines as HC1 gas.
All three compounds are crystalline solids. The yellow 
arsenic and antimony compounds are soluble in methanol 
while the brown bismuth compound will only dissolve in 
methanol solutions doped with dimethyl sulfoxide. The 
compounds slowly decompose on exposure to air for long 
periods.
of related dithiolato complexes of As(III) and Sb(III) 
have been reported in the literature. The crystal
shows three coordinate antimony(III) with a stereochemically 
active lone pair of electrons. The SbS2C2 ring is not 
planar.
MCI.'3 2 MCI
Several preparative 201 and structural 202 studies
structure of 2-chloro-l,3-dithia-2-stibacyclopentane(I) 202
Cl Angles CISbSj - 94.9°I 246 M
ClSbS2 - 98° 
SjSbSj - 89.2°
1.84
I II
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We would therefore favour a similar AB2CE 
tetrahedral structure (II) for the M(td)Cl complexes 
(M = As, Sb, Bi) with the lone pair taking up one of 
the tetrahedral positions. Certainly the spectral data 
are consistent with an M(td)Cl formulation based on 
tetrahedral M(III). X-ray structural confirmation 
follows in Section 5.4.
The 1H n.m.r. spectrum of toluene-3,4-dithiol 
(220 MHz; solvent CDClj,- standard Me4Si) consists of a 
(3H) singlet at 6 2.23 for the methyl protons, two (1H) 
singlets at 6 3.56 and 3.74 for the -S-H protons and a 
(3H) set of multiplets at 6 6.85 and 6 7.21 for the 
aromatic protons. The spectra of the M(td)Cl complexes 
(M = As, Sb, Bi) confirm the loss of the S-H protons 
and there is a general downfield shift of the methyl 
and aromatic proton signals consistent with complex 
formation.
The i.r. spectra of the complexes also confirm 
the removal of SH protons, viz. the absence of a sharp 
v(S-H) band located at 2550 cm 1 in the ligand. The 
400-200 cm-1 region of the Sb(td)Cl i.r. spectrum 
shows a prominent v(SbCl) peak at 282 cm 1 with a few 
smaller peaks probably resulting from a mixture of 
v(Sb-Cl) and v(Sb-S) vibrations. The prominent v(As-Cl) 
peak for As(td)Cl is found at 304 cm 1 again with many 
smaller v(As-Cl) and v(As-S) modes.
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5.4 THE CRYSTAL STRUCTURE OF As(td)Cl
The light yellow crystals belong to the
space group. A description of the structure determination
has already been outlined in Section 1.4. Crystal data
and refinement details are given in Table 5.4.1. Atomic
positions, bond lengths and angles are listed in Table 5.4.2
and Table 5.4.3 respectively while anisotropic thermal
parameters and the calculated hydrogen-atom positions are
given in Table 5.4.4. Within the unit cell, there are
four monomeric As(td)Cl units. Fig. 5.4.1 shows one
such unit. The geometry around each As is pseudo-
tetrahedral with the lone pair of electrons occupying
an apex of the tetrahedron. The geometry therefore conforms
to a four-electron-pair AX^E type of complex. Bond angles
around the As of 92.62, 99.43 and 100.34° are much less
than the regular tetrahedral angle (109.5°) emphasising
the stereochemical activity of the lone pair of electrons.
A similar AXjE system which exhibits tetrahedral arsenic (III)
geometry with a stereochemically active lone pair is the
203structure of diphenyldiarsenictrisulphide(I)
I
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Here, two arsenic atoms form part of an As-S five membered
ring with As-S distances of 2.252 and 2.253 8 and hardly
any n-electron delocalisation. Another comparable system
is the eight-membered ring 2-chloro-1,3,6,2-trithia-
arsocanedl)^*3' with no Tt-electron delocalisation.
Here As-S distances are 2.26 and 2.25 8 and the As-Cl
distance is 2.356 8. The major difference, of course, is
that (II) is a <l> trigonal bipyramidal structure. In
As(td)Cl, As-S distances are significantly shorter
(2.226 and 2.209) which may be seen to represent some
degree of n-delocalisation around the five-membered
SbSjCj ring. The S-C distances (1.77 8) are also
shorter than the corresponding distances in the
eight-membered ring structure. The As-Cl distance (2.23 8)
25 33is comparable with those found in other AsCl^ adducts ' 
(2.18-2.54 8). Angles close to 120° around all the 
aromatic carbons indicate the retention of sp2 hybridisation 
within the aromatic system. The packing diagram (Fig. 5.4.2) 
shows the monomeric units related by a screw axis through
the As atoms.
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Figure 5.4.1 The Crystal Structure of As(td)Cl
Figure 5.4.2 The Molecular Arrangement in As(td)Cl
l
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T a b l e  S . 4 . 1  C r y s t a l  d a t a  a n d  r e f i n e m e n t  d e t a i l s  f o r  A s ( t d ) C l
F o r m u la C 7H6 S 2C1A8
M.W. 2 6 4 . 5
C r y s t a l  c l a s s M o n o c l i n i c
S p a c e  g r o u p P 2 l / c
A b s e n c e s h o i  1 -  ;
a <8> 6 . 1 2 7
b  (8 ) 1 5 . 7 7 3
c  (8 ) 9 . 7 6 8
a <°> ( 9 0 )
S <°> 91
r <°> ( 9 0 )
u <83 > 9 4 3 . 8 5
F (OOO) 520
Dm 1 . 8 4
Dc 1 . 8 6
z 4
-  i . . . _
u (cm ) 4 4 . 3
X 0 . 7 1 0 7
C r y s t a l  s i z e 1 . 2 5  x  0.11
R o t a t i o n  a x i s a
20 5 0 °max
Number o f  d a t a m e a s u r e d 1480
Number o f  d a t a u s e d  i n  r e f i n e m e n t 1113
C r i t e r i o n  f o r  id a t a  i n c l u s i o n I  > 3o ( I )
F i n a l  R v a l u e 0 . 0 5 8 8
-  2n ♦ 1
Rw value 0.0606
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T a b l e  5 . 4 . 2 A t o m i c  c o - o r d i n a t e s  ( x  10 
d e v i a t i o n s  i n  p a r e n t h e s e s
*) f o r As ( t d ) C l w i t h  e s t i m a t e d  s t a n d a r d
A tom X Y Z U(•1000)
AS (I ) 2 3 6 3( 2) 2 3 4 8  ( 1) 3415  ( 1) 55 ( 1)
S ( 2 ) - 8 9 2 ( 4) 2 5 8 4  ( 1) 4 32 0  ( 3) 55 ( 2)
S ( l ) 3587  ( 4) 3 61 4  ( 1) 4 0 1 8( 2) 60 ( 2)
C L (  1) 3859  ( 4) 1554 ( 2) 5 0 8 0( 2) 84 ( 3)
C (  1) 1 6 8 5 ( 1 3 ) 387 4  ( 5) 5 3 0 5( 8) 56 ( 8)
C (2 ) - 2 5 1 ( 1 3 ) 343 0  ( 5) 5 4 4 1( 8) 50 f 8)
C ( 3) - 1 7 1 5 ( 1 4 ) 3 6 5 3  ( 6) 6 4 4 2( 8) 62 f 9)
C ( 4 ) - 1 2 0 5 ( 1 3 ) 4 31 3 ( 6) 7 3 4 4( 8) 63 ( 9)
C (5 ) 7 1 6 ( 1 5 ) 4 753  ( 5) 7 2 2 6( 8) 59 ( 9)
C (6 ) 2 1 9 9 ( 1 4 ) 4 5 1 9  ( 5) 6 2 2 6( 8) 54 ( 8)
C (7 ) 1 3 2 8 ( 2 3 ) 5 4 5 5  ( 7) 8 2 2 2  ( 1 1 ) 8 2 ( 1 3 )
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T a b l e  5 . 4 . 3  M o l e c u l a r  d i m e n s i o n s  f o r  A s ( t d ) C l  D i s t a n c e s  ( 8 ) ,  A n g l e s  ( ° )
AS ( 1 ) - S ( 2 )
AS ( 1 ) - S (  1)
AS ( 1 ) - CL ( 1 )
S ( 2 ) - C ( 2 )
S ( 1 ) - c m
C ( 1 ) - C ( 2 )
C ( 1 ) - C ( 6  )
C ( 2 ) - C ( 3 )
C ( 3) - C ( 4 )
C ( 4 ) - C ( 5 )
C ( 5 ) - C ( 6  )
C (5) - C ( 7 )
S ( 2) - AS ( 1 )
S ( 2) - AS ( 1 )
S ( 1 ) - AS ( 1 )
AS ( 1 ) - S ( 2 )
AS ( 1 ) - S ( l )
S ( 1) - C ( 1 )
S ( 1 ) - C ( 1 )
C (2 ) - c m
S ( 2) - C ( 2)
S ( 2 ) - C ( 2 )
C ( l > - C (2)
C ( 2 ) - C ( 3)
C ( 3) - C ( 4 )
C ( 4 ) - C ( 5)
C ( 4 ) - C ( 5)
C ( 6  ) - C ( 5)
C ( l ) - C ( 6 )
2 . 2 2 6  ( 3) 
2 . 2 0 9  ( 2)  
2 . 2 3 6  ( 3) 
1 . 7 6 7  ( 8 ) 
1 . 7 7 7  ( 8 ) 
1 . 3 8 6 ( 1 1 )  
I . 390 ( I 2)  
1 . 3 8 4 ( 1 1 )  
I . 3 9 7 ( l 3) 
1 . 3 7 3 ( 1 3 )  
1 . 3 9 6 ( 1 2 )  
1 . 5 1 6 ( 1 3 )
S ( 1 ) 92.62( 9)
CL ( 1 ) 99.43( 10)
CL ( 1 ) 100.34(10)
C ( 2 ) 100.45(29)
C ( 1 ) 99.97(28)
C ( 2 ) 121.6 ( 6)
C ( 6 ) 1 1 8 . 6  ( 6)
C ( 6 ) 1 1 9 . 5  ( 7)
C (  1) 120.2 ( 6)
C ( 3) 1 1 9 . 4  ( 6)
C ( 3) 1 2 0 . 4  ( 4)
C ( 4 ) 1 1 9 . 7  ( 8)
C (5 ) 1 2 0 . 4  ( 8)
C ( 6 ) 1 1 9 . 6  ( 7)
C (7 ) 1 2 1 . 2  ( 8)
C (7 ) 1 1 9 . 0  ( 8)
C ( 5 ) 1 2 0 . 2  ( 8)
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Table 5.4.4
(a ) ANISOTROPIC AND ISOTROPIC THERMAL PARAMETERS
ANISOTROPIC IN THE FORM EXP(-2*PI*PI*(U11»(ASTAR*H)**2 ♦---
...U23»BSTAR*OSTAR»K»L + ___ ))
ISOTROPIC EXP(-8»PI*PI*U »(SIN(THETA)/LAMBDA)»»2)
ALL VALUES »1000
ATOM U 11(OR IU) U22 U Vi U2'-i U11 U 12
AS ( 1 ) 55 ( 1 ) 62 ( 1 ) 61 ( 1 ) -7 ( 0) 0( 0) -2 ( 0)
S (2) 44( 1 ) 67 ( 2) 80 ( 2) — 1 0 ( 1 ) -7 ( 1 ) -5 ( 1 )
S(1 ) 54 ( 1 ) 60 ( 1 ) 70 ( 1 ) -2 ( 1 ) 9( 1 ) -10( 1 )
CL (1 1 64 ( 2) 76 ( 2) 100( 2) 17 ( 1 ) -7 ( 1 ) 2 ( 1)
0(1 ) 56 ( 5) 48( 4) 54( 4) 4 ( 4 ( 3) 3( 4)
C(2 1 56( 5) 54 ( 5) 55 ( 4) ^( 3) -1 K 3) —4 ( 4)
C(T) 46( 5) 67 ( 6) 64 ( 5) 8 ( 4) 1 ( 4) 0( 4)
0(4) 51 ( 5) 68( 6) 62 ( 5) 1 ( 4) -4 ( 4) 12 ( 4)
C(5 ) 75 ( 6) 52 ( 5) 49( 4) 1 ( 3) -8 ( 4) 9( 5)
0(6) 61 ( 5) 45 ( 5) 62 ( 5) 6 ( 4) -4 ( 4) -6 ( 4)
0(7) 1 1 4 ( 9) 64 ( 7) 73( 6) -4 ( 5) 3( 6) 0( 6)
(b )  ATOMIC CO-ORDINATES (*10»»4) WITH ESTIMATED STANDARD 
DEVIATIONS IN PARENTHESES
ATOM X Y Z
HO ) -3061 3359 6515
H O ) -2192 4459 8046
H<1 ) 3565 4801 6174
H(71) -90 5643 8454
H(72> 2034 5881 7703
H(73) 2155 5346 9034
1 9 2
5.5 1 : 2 COMPLEXES OF Sb, AND Bi WITH
TOLUENE-3,4-DITHIOL
These complexes have been prepared by direct 
addition of the metal chloride and toluene-3,4-dithiol 
in methanol in a 1:2 molar ratio. The antimony compound 
has been made previously1 and reported as a four 
coordinate antimony(III) system based on H[Sb(td)2).OH2•
The i.r. spectrum of the yellow Sb(III) complex 
shows a prominent v(SH) band at 2338 cm 1. This observation 
coupled with the already reported negligible conductivity 
(S.O.W) suggests a neutral complex formation in which one 
of the ligands has retained a thiol proton. The fact that 
v (S-H) has shifted (-212 cm-1) to lower energy rather 
suggests that one consequence of Sb-S bond formation is an 
appreciable charge drain from the aromatic ring. Again 
this low energy shift of the v(S-H) mode could be the
result of a weak Sb-- S C H interaction thus increasing
further the effective charge drain from the S-H bond 
towards the metal. The XH n.m.r. spectrum of this 
complex shows only one S-H resonance at 6 3.48 as a 
singlet and a slight downfield shift of the methyl singlet 
to 6 2.28. The aromatic signals are relatively unaffected.
There are many possibilities for the preferred
shape of this complex. If there is no Sb-- s ~ h interaction
then a tetrahedral structure (I) featuring a stereochemically 
active lone pair would be predicted.
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However, if there is an Sb...(H)S- interaction then a 
square pyramidal geometry (II) is possible with the lone 
pair occupying the apical position. Alternatively, a 
trigonal bipyramidal structure (III) with the lone pair 
at one of the equatorial positions is feasible. Finally, 
but less likely, there is the possibility of a square 
planar structure (IV) with no lone pair activity. These 
examples represent monomeric possibilities but 
polymeric structures are equally conceivable.
Attempts to eliminate the remaining S-H proton 
from this complex have been made by the addition of a 
base. Unfortunately this has always resulted in the 
formation of the antimony(V) product (see later 
Section 5.6). This phenomenon has been observed in 
another Sb(III) 1,2-dithiolene compound, Sb(mn)2 , as 
mentioned in Section 5.1. So we have not been able
1 9 3
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However, if there is an Sb...(H)S- interaction then a 
square pyramidal geometry (II) is possible with the lone 
pair occupying the apical position. Alternatively, a 
trigonal bipyramidal structure (III) with the lone pair 
at one of the equatorial positions is feasible. Finally, 
but less likely, there is the possibility of a square 
planar structure (IV) with no lone pair activity. These 
examples represent monomeric possibilities but 
polymeric structures are equally conceivable.
from this complex have been made by the addition of a 
base. Unfortunately this has always resulted in the 
formation of the antimony(V) product (see later 
Section 5.6). This phenomenon has been observed in 
another Sb(III) 1,2-dithiolene compound, Sb(mn)2~, as 
mentioned in Section 5.1. So we have not been able
Attempts to eliminate the remaining S-H proton
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to establish the existence of a one-sided, four 
coordinate, sulphur-bound antimony(III) compound 
analogous to the oxygen-bound arsenic(III) compound 
K f As (CgH^Oj)2 ] reported by Skapski^® (see page 29).
Although considerable effort was made, we were 
unable to isolate a 1:2 arsenic(III) complex with 
toluene-3,4-dithiol, based on the [As(td)2]- anion. 
However, with bismuth, such a species (I) has been 
isolated following the addition of stoichiometric quantities 
of triethylamine to toluene-3,4-dithiol prior to the 
addition of a methanol solution of BiClj.
I
+  3  NHEI^CI
The i.r. spectrum of (I) does not show an v(S-H) band.
The *H n.m.r. spectrum shows a (3H) triplet at & 1.25
(CH3-CH2-) and a (2H) quartet at 6 3.05 (CH3-CH2~)
but there is no S-H resonance. The (6H) singlet at
6 2.20 indicates magnetic equivalence of the methyl
protons of the two ligands in the complex. The N-H
+resonance for [EtjNH] is not observed probably 
because this proton is in fast exchange.
Although the complex (I) has been represented 
as a monomeric, four coordinate complex, the predicted 
molecular geometry is greatly influenced by a very 
recent crystal structure determination of tetraphenyl- 
arsonium bis(1,2-dicyanoethylene-1,2-dithiolato)-
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bismuthate(III) (II) 204 which consists of an infinite
linear polymeric chain in which successive bismuth atoms 
are bridged by two dithiolene ligands, each ligand 
providing one bridging sulphur atom. Although the geometry 
could be described as a greatly distorted octahedron 
with no stereochemically active lone pair, a description 
in terms of a pentagonal bipyramidal array with one of the 
equatorial positions occupied by a stereochemically active 
lone pair, i.e. a seven-electron-pair AXgE system with 
1:5:1 stereochemistry (III), is much more attractive.
II III
We would favour a similar bonding geometry in our
bis (toluene-3,4-dithiolato) bismuthate (III) complex.
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5.6 1:3 COMPLEXES OF Sb(V) WITH TOLUENE-3,4-DITHIOL
The instability of the 1:2 Sb(III) toluene-3,4-dithiol
compound towards aerial oxidation in the presence of base,
has led to a novel one-pot synthesis of the tris(toluene-
3, 4-dithiolato) antimonate(V) anion. Addition of base to
a solution of the yellow [Sb(td)2H] in methanol resulted
in the formation of a deep violet-red solution which in the
case of NaOH and KOH yielded thick red oils. However,
when Et^NCl was added to the red solution, crystalline
[Et4N][Sb(td)3] was isolated on slow evaporation.
Unfortunately, the material was unsuitable for X-ray
crystallographic purposes. Subsequent preparations were
carried out by adding stoichiometric quantities of the
organic base, triethylamine, to a methanol solution of
toluene-3,4-dithiol, followed by the addition of SbCl3
in a metal:ligand mole ratio of 1:2. This gave the red
methanolic solution containing the anion which was
isolated in crystalline form by addition of large
cations such as (PPhJ+ or[NEtJ+. Conductivity measurements
on these compounds show little dissociation in dichloro-
methane solution, e.g. for 2.2 x 10 3 M solutions,
-1 -1 2conductivities are in the range 30-40 n mol cm
—  1 —1 2 +  —(compared to 139 0 mol cm as found for Et^N Cl ) .
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The violet antimony(V) product was also obtained when 
antimony potassium tartrate was used instead of SbCl^. 
Toluene-3,4-dithiol can therefore replace the tartrate 
ligands from an Sb(III) centre to give the oxidised 
Sb(V) compound. The i.r. spectrum of [Et4N][Sb(td)3) 
shows no v (S-H) peak around 2500 cm . The 1H
n.m.r. spectrum of [Et^N][Sb(td)3] shows the expected 
(12H) triplet at S 1.07 for CH3-CH2 and an (8H) 
quartet at 6 2.93 for the -CH2 of the cation. The 
anionic (td) protons appear as a (9H) singlet at 
6 2.21 for the CH-j-Ph protons and as (9H) multiplets 
at 6 6.71 and 7.25 for the aromatic protons. The 
CH^-Ph singlet, which is hardly shifted following complex 
formation, retains its multiplicity demonstrating the 
magnetic equivalence of methyl protons on all three
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ligands. The aromatic multiplet has shifted slightly
upfield to 6 6.71 compared to 6 6.85 in the free ligand.
The 1H n.m.r. spectrum of Ph4PSb(td>3 shows
a prominent (9H) singlet for the CH^ protons at <5 2.13,
a (9H) set of multiplets for (td) aromatic protons
at 6 6.59 and 7.10 and a (20H) multiplet between 6 7.5
and 7.8 for the aromatic PPh^ protons.
The observed spectral patterns are consistent
with the [Sb(td)3]- formulation for the complex. We
predict an octahedral geometry around the Sb centre
similar to that found in the tris(benzene-1,2-diolato)- 
59arsenate(V) anion (see page 38).
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5.7 THE CRYSTAL STRUCTURE OF TETRAPHENYLPHOSPHONIUM
TRIS(TOLUENE-3,4-DITHIOLATO)ANTIMONY(V),
[Ph P^][Sb(td)3]
[Ph^P][Sb(td)31 crystallises in the P2j space
group. The structure was solved by the heavy atom method.
The Patterson function was utilised to locate the antimony
position. The positions of the remaining atoms were located
from Fourier maps and refined by full matrix least squares
wherever possible. The data from this crystal was not very
good quality and it has only refined to a final R value of
0.14. Crystal data and refinement details are given in
Table 5.7.1. Atomic coordinates are given in Tables 5.7.2;
bond lengths and angles are given in Table 5.7.3.
The [Sb(td)3]- ion has a tris-chelate structure
(Figure 5.7.1) with approximate D3 symmetry. Each
ligand is (S,S)-bonded to the central Sb atom with the
sulphurs forming a distorted octahedron around the antimony.
The average Sb-S bond length (2.446 8) is a bit longer
than Sb-S distances observed in the Sb(III) compound 
202SbClS2(CH2)2 but shorter than Sb-S distances observed
in dithiooxamides. The C-S bond distances of 1.86-1.89 8
are a bit longer than those in the As(td)Cl structure
(1.77 8). The angles around Sb reveal distortions within
the octahedron but these distortions do not appear to
be related to the 'bite' of the ligand. The structure of
I5b(td)3]_ is very similar to that of the tris(benzene-1,2-
59diotato)arsenate(V) anion (see page 38 ).
The cation (Ph4P]+ has the expected slightly 
distorted tetrahedral structure with angles close to the 
tetrahedral angle (109.5°) around the phosphorous.
The Crystal Structure of the [Sb(td)3l 
ion
Figure 5.7.1
201
Table 5.7.1 Crystal Data and Refinement Details for
Sb(td)3PPh4
Formula C45H38S6SbP
M.W. 923.384
Crystal class Monoclinic
Space group p21
Absences oko k = 2n + 1
a (8) 10.464
b (8) 12.825
c (8) 16.433
a (°) (90)
6 (°) 102.5
Y <°> (90)
u (83) 2152.9
F (000) 940
Dm 1.43
Dc 1.42
Z 2
v (MoKa)cm 3 9.97
X (8) 0.7107
Crystal size (mm) 1.6 x 0.6 x 0.05
Rotation axis b
2®max (°) 40
Number of data measured 2290
Number of data used in 
refinement 884
Criterion for data inclusion I > 3o (I)
Final R value 0.14
Rq, value 0.14
2 0 2
T a b l e  5 . 7 . 2
4
A t o m i c  C o o r d i n a t e s  ( x  10 ) f o r  
D e v i a t i o n s  i n  P a r e n t h e s e s
|l*h4P| | Sb ( t d ) I w i t h  K s t i t n a t c d  S t a n d a r d
ATOM X Y V.
SB i 1 ) 7 30 ( 7) 2 5 0 0 (  0) 2 7 9 9 '  5)
S ( 1 ) 301 1 ( 27 ) 3 0 4 2 ( 2 4 ) 1406>21)
S ( 2 ) 2 9 3 ( 2 8 ) 4 3 1 0 ( 1 8 ) 2 1 6 7 ( 2 3 )
S ( 5 ) 1 5 1 5 ( 4 5 ) 1 8 8 7 ( 2 3 ) 1590 »2 3)
P ( 1 ) 5 5 8 6 ( 2 5 ) 2 0 0 8 ( 1 6 ) 74 0 5  i 16)
S ( 4 ) 3 7 8 ( 2 9 ) 2 8 7 5 ( 2 0 ) 4 1 2 1 i 20)
S ( 6 ) 9 5 6 ( 4 0 ) 6 9 0 ( 2 0 ) J 2 2 6 ( 20)
S ( 12) -  1 6 0 7 ( 3 8 ) 2 2 1 2 ( 1 7 ) 2 1 9 8 ( 2 3 )
C ( 61 ) 2 8 9 3 ( 9 9 ) 3 7 2 8 ( 6 8 ) 4 361 ' 6 8 )
C 62) 3894 ( 98) 4 4 7 8 ( 8 5 ) 4 5 4 6 ( 8 9 )
C ( 63 ) 3 4 6 8 ( 9 3 ) 5 0 4 5 ( 6 9 ) 5424  »7 ))
C ( 64 ) 24 9 7  ( 88) 5 0 6 5 ( 8 4 ) 5 5 6 5 ( 8 0 i
C ( 65 ) 1694 ( 87) 4 2 8 4 ( 9 5 ) 5 1 2 6 - 9 7 )
C ( 66 ) 1 8 5 5 ( 9 3 ) 3 6 7 1 ( 7 8 ) 4 5 5 4 ( 7 3 )
C (71 ) - 1 4 4 5 ( 9 7 ) 4 3 3 1 ( 7 1 ) 1 6 7 9 ( 6 9 )
C ( 72 ) - 1 6 8 3 ( 9 9 ) 5 2 9 7 ( 7 2 ) 1 2 1 3 ( 7 0 )
C ( 73 ) - 3 1 0 5 ( 9 9 ) 5 3 6 4 ( 8 7 ) 6 4 0 ( 6 9 )
C ( 74» - 3 7 7 2 ( 9 6 ) 4 4 9 9 ( 7 9 ) 6 0 9 ( 7 6 )
C ( 75 ) - 3 5 8 2 ( 9 4 ) 3 4 7 9 ( 7 5 ) 1 1 0 5 ( 7 5 )
C ( 76 ) - 2 1 6 7 ( 9 4 ) 3 4 6 0 ( 5 5 ) 1 6 1 2 ( 6 0 )
C ( 1 1 ) 6 3 2 1 ( 7 3 ) 1 341 ( 55 ) 8 2 7 2 ' 4 4 )
C (  12) 67 2 0  ( 73) 1 8 2 5 ( 5 5 ) 9 0 4 6 ( 4 4 )
C< l 3) 7 3 0 9 ( 7 3 ) 1 2 4 1 ( 5 5 ) 9 7 4 2 ( 4 4 )
C ( 14) 7501 ( 73) 1 7 2 ( 5 5 ) 9 6 6 5 ( 4 4 )
C ( 15) 7 1 0 2 ( 7 3 ) - 3 1 3 ( 5 5 ) 8 8 9 2 ( 4 4 )
C ( I 6 ) 6 5 1 3 ( 7 3 ) 2 7 2 ( 5 5 ) 8 1 9 5 ( 4 4 )
C ( 21 ) 4 1 5 3 ( 6 2 ) 1 3 8 6 ( 4 8 ) 6 8 4 8 ( 5 0 )
C ( 22 ) 3 4 5 3 ( 6 2 ) 6 4 2 ( 4 8 ) 7 1 9 2 ( 5 0 )
C (2 3) 2454 ( 62) 7 8 ( 4 8 ) 6 6 7 8 ( 5 0 )
C ( 24 ) 2 1 5 5 ( 6 2 ) 2 5 8 ( 4 8 ) 5 8 2 0 ( 5 0 )
C ( 25 ) 2 8 5 5 ( 6 2 ) 1 0 0 3 ( 4 8 ) 5 4 7 7 ( 5 0 )
C ( 26 ) 3854 ( 62) 1 5 6 7 ( 4 8 ) 5 9 9 0 ( 5 0 )
C ( 3 I ) 4 9 6 4 ( 7 7 ) 3 2 4 0 ( 3 9 ) 7 6 8 0 ( 4 3 )
C< 32) 3 6 3 0 ( 7 7 ) 3 3 3 6 ( 3 9 ) 7 6 5 9 ( 4 3 )
C ( 33 ) 3 1 3 3 ( 7 7 ) 4 2 7 3 ( 3 9 ) 7 8 9 2 ( 4 3 )
C ( 34) 3 9 7 0 ( 7 7 ) 5 1 1 3 ( 3 9 ) 8 1 4 5 ( 4 3 )
C ( 35 ) 5 3 0 5 ( 7 7 ) 5 0 ) 7 ( 3 9 ) 8 1 6 6 ( 4 3 )
C ( 36 ) 5 8 0 2 ( 7 7 ) 4 0 8 0 ( 3 9 ) 7 9 3 3 ( 4 3 )
C (4 1) 6683(73) 2 2 5 9 ( 5 5 ) 6 8 0 5 ( 4 6 )
C ( 42 ) 7 6 4 4 ( 7 3 ) 1 5 2 2 ( 5 5 ) 6 7 5 7 ( 4 6 )
C ( 4  3) 8 4 8 9 ( 7 3 ) 1 6 8 1 ( 5 5 ) 6 2 1 8 ( 4 6 )
C ( 44 ) 8 3 7 3 ( 7 3 ) 2 5 7 8 ( 5 5 ) 5 7 2 7 ( 4 6 )
C ( 45 ) 7 4 1 2 ( 7 3 ) 3 3 1 5 ( 5 5 ) 5 7 7 5 ( 4 6 )
C ( 46 ) ' 6567(73) 3 1 5 6 ( 5 5 ) 6 3 1 3 ( 4 6 )
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T a b l e  5 . 7 . 3 Bond l e n g t h s  (Ä)  a n d a n g l e s  ( ° ) f o r  |Ph4 l»| i S b ( t d )  3 1
SB ( 1 ) - S U ) 2 . 4 8 1  3)
SB ( 1 ) - S ( 2 ) 2 . 5 4 4 ( 2 7 )
SB ( 1 ) - S ( 5 ) 2 . 4 4  ( 3)
SB ( 1 ) - S ( 4 ) 2 . 3  3 ( 3)
S ü l l ) - S ( 6 ) 2 . 4 2 2 ( 2 6 )
SB ( 1 ) - S ( 1 2 ) 2 . 4 6  ( 3)
S ( 1 ) SB ( 1 ) S (2) 8 8 . 9 1  8 )
S ( 1 ) - SB ( 1 ) - S ( 5 ) 8 7 . 3  U  2)
S (2) - SB ( 1 ) - S ( 5 ) 9 1 . 3 1 1 )
S ( 1 ) - SB ( 1 ) - S (4) 8 4 . 2  MO)
S (2) - SB ( 1 ) - S (4) 9 8 . 1  1 U
S (5) - SB ( 1 ) - S (4) 1 6 7 . 2  U  3 !
S ( 1 ) - SB ( 1 ) - S ( 6  ) 9 7 . J I I I I
S ( 2 ) - SB ( 1 ) - S ( 6 ) 1 7 2 . 2 ( 1 2 )
S ( 5) - SB ( 1 ) - S ( 6) 8 4 . 2 ( 1 1 )
S (4) - S D I I ) - S ( 6) 8 7 . 3 (  9)
S ( 1 ) - SB ( 1 ) - S ( 12) 1 7 2 . 3 1  9)
S ( 2) - SB ( 1 ) - S ( 12 ) or X
. or
S ( 5 ) - SB ( 1 ) - S ( 1 2 ) 9 6 . 0 ( 1 3 )
S (4) - SB ( 1 ) - S ( 12 ) 9 3 . 5  U  1 J
S ( 6 ) - S D I I ) - S ( 1 2 ) 8 9 . 9  U  1)
S ( 1 ) - C ( 6 1 ) 1 . 8 3 ( 1 0 )
S (2) - C ( 71 ) 1 . 8 2 ( 1 1 )
P ( 1 ) - C U I ) 1 . 7 0 (  6 )
P U  ) - C ( 2 1 ) 1 . 7 7 (  5)
P U ) - C ( 31 ) 1 . 8 0 (  5)
P U  ) - C ( 4 1 ) 1 . 7 0 (  6 )
S ( 4) - C ( 6 6  ) 1 . 8 6 ( 1 2 )
S (  12) - C ( 76  ) 1 . 8 9  ( 8 )
C ( 6  1 ) - C ( 6 2 ) 1 . 4 1 ( 1 5 )
C ( 6  1 ) . - C ( 6 6  ) 1 . 2 0 ( 1 3 )
C ( 62 )  . - C ( 6 3 ) 1 . 76 0 6 )
C ( 63 ) - C6 4  ) 1 . 1 0 ( 1 3 )
C ( 64  ) - C 6 5 ) 1 . 4 1  ( 17)
C ( 65 ) - C ( 66  ) 1 . 2 6 ( 1 5 )
C ( 7 1 ) - C ( 72  ) 1 . 4 5 ( 1 3 )
C ( 7 1 ) - C ( 76  ) 1 . 3 4 ( 1 1 )
C ( 72 ) - C ( 7 3 ) 1 . 5 8 ( 1 4 )
C ( 73 ) - C ( 74 ) 1 . 3 1 ( 1 3 )
C ( 74 ) - C ( 75) 1 . Î J I I 4 I
C ( 75 ) - C ( 76 ) 1 . 5 3 ( 1 3 )
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T d b l o  3 . 7 . 3 Bond l e n t j t h s  ( 8)  and a n q l o s  ( l>) f o r  1P h 4 P | i S b ( t d )  j| ( C o n t i  n u o d )
SB ( 1 > - S ( 1 ) - C ( 6  1 ) 1 0 4 . 4
SB < 1 ) - S ( 2 ) - 0 7 1 ) 1 0 5  . » 3*
O l í ) - P (1 ) - 0  2 1 ) I I ) . i 4
c < i n - P (1 ) - C ( 31 ) I I I . * (>
C ( 21 > - P (1 ) - C O I ) 1 0 2  . • 3)
C ( I 1 ) - P (1 ) - C (4 1 ) 1 1 0 . i l i
C ( 2 I ) - P (1 ) - C (4 1 ) 1 1 1 . 4 *
C ( 31 > - P ( 1) - C ( 4 1 ) 108 . ■ s <
SB ( 1) - S ( 4 ) - C ( 6 6 ) 1 0  1 . ■ 4 '
SB ' 1 ) - S (1 2) - C ( 7 6 ) 104 . 4 ' 29
S ( 1 ) - 0 6 1  ) - C ( 62 ) 1 0 0  . 9 >
S ( 1 ) - C ( 6 1 ) - 0  6 6 ) 1 1 6 . í 1 0  »
C ( 6 2 ) - C ( 61  ) - C ( 6 6 ) 13 1 . 1 1 >
C ( 6  1 > - C ( 6 2 ) - C ( 6  3) 99  . ( 1 0
C ( 6 2 ) - C ( 6 3 ) - C ( 6 4  ) 1 26  . 1 1 4 >
C ( 6  3) - C ( 6  4) - 0  6 5 ) i o n . • 1 4
0  6 4 ) - C ( 6 5 ) - C ( 6 6 ) 1 1. ' 1 7 i
S ( 4 ) - C ( 6 6 ) - 0 6 1  ) 1 3 1 . ( 1 0 )
SI  4) - C ( 6 6 ) - C ( 6 5 ) 1 1 3 . ( 1 2 )
0  6 1 ) - C ( 6 6 ) - C ( 6  5) 1 1 6 . ' 1 4 )
S ( 2 ) - 0 7 1  ) - 0  72) 1 0 7 . , ' 7 >
S ( 2 ) - C ( 7 1 ) - C ( 7 6 ) 1 2  1 .. 1 7 )
C ( 7 2 ) - C ( 7 1 ) - C ( 7 6 ) 1 30 .. ' 1 0 )
C ( 71 ) - C ( 72) - C ( 7 3) 11 3 . . ' 9)
C ( 7 2 ) - C ( 73 ) - C ( 7 4 ) 114 . . « 1 1 *
0  7 3) - C ( 7 4 ) - 0  75) 1 34 .. »13»
C ( 74) - C ( 7 5 ) - C ( 76 ) 106 . . ' 9)
S ( 12) - C ( 7 6 ) - C ( 7 1 ) 124 . ' 7)
S ( 12) - 0  76) - C ( 7 5 ) 1 16 . ' 6 )
0  7 1) - C ( 7 6 ) - C ( 7 5 ) 1 2 0 . ' 8 )
P ( 1 ) • - C (  1 1) - 0  1 2 ) 1 2 2 . 2 ' 2 7 )
P ( 1 ) - C ( 1 1 ) - C (  16) 1 1 7 . 8 ( 2 7 )
P ( 1 ) - 0 2 1 ) - C ( 22) 124 . 0 ( 2 9 )
P ( 1 ) - C ( 2 1) - 0  26 ) 1 1 6 . í 3)
P ( 1 ) - C O I ) - C 0 2 ) 1 1 9 . 0 ( 2 6 )
P ( 1 ) - C O I ) - O  36) 1 2  1 . 0 ( 2 6 )
P ( 1) - C ( 4 1) - 0  4 2) 1 1 9 . 4 ( 2 6 )
P ( 1 ) - C ( 4 1 ) - C ( 4 6 ) 1 2 0 . 5 * 2 6 )
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5.8 EXPERIMENTAL
All chemicals were of reagent grade and were 
used without further purification. Solvents were stored 
over CaH2/P2C>5 and distilled under a nitrogen atmosphere 
prior to use. Because of the air-moisture sensitivity 
of many of the reactants and products, manipulations and 
synthetic work on these systems required the use either 
of vacuum-line techniques or of a N2~filled gloved box, 
or both. I.r. spectra were recorded on a Perkin-Elmer 
580B spectrophotometer with samples between csl plates 
as Nujol mulls or in solution. 3H n.m.r. spectra were 
recorded on a Perkin Elmer R34 instrument (220 MHz) for 
C D C 1j solutions doped with tetramethylsilane as internal 
reference. Elemental analyses were carried out by 
Butterworth Laboratories Ltd., Teddington, Middlesex. 
Chloride was determined by the Volhard titration.
Preparation of the Complexes 
Chloro(toluene-3,4-dithlolato)arsenic(III)
Arsenic trichloride (0.54 cm3, 6.4 mmol) was 
added to a solution of toluene-3,4-dithiol (1.0 g, 6.9 mmol) 
in chloroform (50 cm3). The resulting mixture was heated 
under reflux for twenty minutes when a yellow solution 
was obtained. Chloroform was slowly removed in vacuo 
leaving the product as a yellow solid. Recrystallisation 
from methanol gave long yellow needles (yield 1.5 g,
(85%) .
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5.8 EXPERIMENTAL
All chemicals were of reagent grade and were 
used without further purification. Solvents were stored 
over CaH2/P2C>5 and distilled under a nitrogen atmosphere 
prior to use. Because of the air-moisture sensitivity 
of many of the reactants and products, manipulations and 
synthetic work on these systems required the use either 
of vacuum-line techniques or of a N2~filled gloved box, 
or both. I.r. spectra were recorded on a Perkin-Elmer 
580B spectrophotometer with samples between Csl plates 
as Nujol mulls or in solution. *H n.m.r. spectra were 
recorded on a Perkin Elmer R34 instrument (220 MHz) for 
CDC12 solutions doped with tetramethylsilane as internal 
reference. Elemental analyses were carried out by 
Butterworth Laboratories Ltd., Teddington, Middlesex. 
Chloride was determined by the Volhard titration.
Preparation of the Complexes
Chloro(toluene-3,4-dithiolato)arsenic(III)
Arsenic trichloride (0.54 cm\ 6.4 mmol) was 
added to a solution of toluene-3,4-dithiol (1.0 g, 6.9 mmol)
3in chloroform (50 cm ). The resulting mixture was heated 
under reflux for twenty minutes when a yellow solution 
was obtained. Chloroform was slowly removed in vacuo 
leaving the product as a yellow solid. Recrystallisation 
from methanol gave long yellow needles (yield 1.5 g,
(85%) .
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Found : C , 31.7; H, 2.2; Cl, 13.4
c 7h 6s 2cias requires C , 31.8; H, 2.3; Cl, 13.4
I.r. bands (v ) : max 1252, 1112, 1035 , 871, 866
N.m.r. data:
683, 631, 537, 482, 441, 427, 398, 
304, 251 cm 1 (Nujol)
5H (220 MHz; solvent CDClj? 
standard Me4Si) 2.35 (3H, s, CH3) ,
7.05 and 7.41-7.48 (3H, m, aromatic
C6H3).
Chloro(toluene-3,4-dithiolato)antimony(III)
Toluene-3,4-dithiol (1.05 g, 6.7 mmol) was 
added to a hot solution of SbCl^ (1.53 g, 6.7 mmol) in 
chloroform (50 cm1) to give a deep yellow solution. This 
was cooled in ice when a yellow solid precipitated out. 
The product was recrystallised from a methanol solution 
doped with DMSO to give fine yellow needles. (Yield
0.6 g, 25%), m.p. 141-142°C.
Found: C, 27.0; H, 1.9; Cl, 11.6; S, 20.9
C7H6S2 requires C, 27.0; H, 1.9; Cl, 11.4; S, 20.6
I.r. bands (v )max : 1254, 1108, 810, 679, 628, 538, 475,
N.m.r. data:
371, 334, 282 cm*1 (Nujol)
6H (220 MHz; solvent CDC13; standard 
Me4Si) 2.33 (3H, s, CH3), 6.93 and 
7.38-7.46 (3H, m, aromatic CgH3).
Chloro(toluene-3,4-dithiolato)bismuth(III)
Chloroform (50 cm1) was distilled onto a mixture 
of BiCl3 (2.0 g, 6.4 mmol) and toluene-3,4-dithiol (1.03 g,
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6.5 mmol) and the resulting mixture was heated at reflux 
for two hours under an atmosphere of dry nitrogen.
The brown suspension that resulted was allowed to settle 
and the colourless solution was decanted off. The 
remaining brown solid was collected and pumped dry. 
Recrystallisation of the product from methanol/DMSO 
gave very dark brown needles, m.p. 252-254°C (dec.).
Found: C, 21 .7; H, 1.7; s . 16.2
C?H6S2ClBi requires C, 21 .1; H, 1.5; s , 16.1
I.r. bands (v ) : max 1252, 1143 1106, 866 , 799, 680, 533,
431, 372, 328 cm 1 (Nujol) .
N.m.r. data: 6H (220 MHz; solvent CDC13; standard
Me4Si) 2.28 (3H, s, CH.j) , 6.87 and 
7.36 (3H, m, aromatic CgH^).
Bis(toluene-3,4-dithiolato)antimony(III)
Toluene-3,4-dithiol (2.4 g, 15 mmol) was added 
to a hot solution of SbCl3 (1.6 g, 7 mmol) in methanol 
(50 cm3). A deep yellow solution immediately formed.
This solution was allowed to cool slowly to give the 
product as a microcrystalline yellow solid. Recrystallisa­
tion from methanol gave chunky yellow crystals 
(yield 10.1 g, 30%).
Found: C, 39.7; H, 2.8; S, 30.2
"^14Hl3®4^k requires C, 39.0; H, 3.0; S, 29.7
I.r. bands (v ): 3040-2860, 2335, 1584, 1458,max
1379, 1256, 1112, 1031, 863,
807, 680, 631, 540, 438, 365,
331, 290 cm-1 (CHC13 solution)
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6.5 mmol) and the resulting mixture was heated at reflux 
for two hours under an atmosphere of dry nitrogen.
The brown suspension that resulted was allowed to settle 
and the colourless solution was decanted off. The 
remaining brown solid was collected and pumped dry. 
Recrystallisation of the product from methanol/DMSO 
gave very dark brown needles, m.p. 252-254°C (dec.). 
Found: C, 21.7; H, 1.7; S, 16.2
C^HgSjClBi requires C, 21.1; H, 1.5; S, 16.1
I.r. bands (v )max
N.m.r. data:
1252, 1143, 1106, 866, 799, 680, 533, 
431, 372, 328 cm“1 (Nujol).
6H (220 MHz; solvent CDCl-j,* standard 
Me4Si) 2.28 (3H, s, CH3), 6.87 and 
7.36 (3H, m, aromatic CgH^).
Bis (toluene-3,4-dithiolato)antimony(III)
Toluene-3,4-dithiol (2.4 g, 15 mmol) was added 
to a hot solution of SbCl^ (1.6 g, 7 mmol) in methanol 
(50 cm3). A deep yellow solution immediately formed.
This solution was allowed to cool slowly to give the 
product as a microcrystalline yellow solid. Recrystallisa­
tion from methanol gave chunky yellow crystals 
(yield 10.1 g, 10%).
Found: C, 39.7; H, 2.8; S, 30.2
C14Hl3S4Sb requires C, 39.0; H, 3.0; S, 29.7
I.r. bands (v ) : max 3040-2860, 2335, 1584, 1458,
1379, 1256 , 1112, 1031, 863,
807, 680, 631, 540, 438, 365
331, 290 cm-1 (CHC13 solution)
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N.m.r. data: 6H (220 MHz; solvent CDCl^;
standard Me^Si) 2.28 (6H, s, 2CH^)»
3.49 (H, s, S-H), 6.87 and 7.25-7.35 
(3H, m, aromatic CgHj)•
Triethyl ammonium bis(toluene-3,4-dithiolato)bismuth(III) 
Bismuth trichloride (0.92 g, 2.9 mmol) was added
to a solution of toluene-3,4-dithiol (0.92 g, 5.8 mmol)
3 3and triethylamine (1.63 cm , 11.7 mmol) in methanol (50 cm ).
The mixture was gently heated at reflux with magnetic
stirring under an atmosphere of dry nitrogen for thirty
minutes. On cooling, the product separated as a brown
solid which was filtered off and collected. After
several washings with water, recrystallisation from
acetone provided deep brown platelets.
Found: C, 39.3; H, 4.6; N, 2.6; S, 20.1
C20H28NS4Bi requires C, 38.7; H, 4.5; N, 2.3; S, 20.7
i.r. bands (v ): 1581, 1246max , 1104, 1030, 863, 807,
681, 631, 542, 470 , 437, 304, 271 cm
(Nujol)
N.m.r. data: 6H (220 MHz; solvent CDCl^?
standard Me4Si) 1.25 (9H, t, 3CH.J-CH..-), 
2.20 (6H, s, 2CH3 (aromatic ring)),
3.05 (6H, q, 3CH3-CH2-), 7.02 and 7.48 (6H, 
m, 2 aromatic CgHj).
Tetraethylammonium tris(toluene-3,4-dithiolato)antimony(V)
A solution of antimony trichloride (0.69 g,
3 mmol) in methanol (20 cm3) was added to a solution 
containing toluene-3,4-dithiol, (0.96 g, 6 mmol),
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triethylamine (1.7 cm , 12 mmol), and tetraethylammonium 
chloride (0.56 g, 3 mmol) dissolved in methanol (40 cm3).
A vigorous reaction ensued to give a deep red solution.
On standing overnight a dark purple-red solid separated 
from solution. This was collected and washed with warm 
water (3 x 25 cm3) until the washings gave a negative test
for chloride. The purple-violet product was further washed
3 3with boiling water (2 x 25 cm ) and ether (3 x 25 cm )
and finally recrystallised from a 1:10 chloroform:
methanol solution as almost black crystals, m.p. 149-150°C.
Found: C, 47.5; H, 5.4; N, 2.5; S, 27.0
C29H38NS6Sb recïuires c ' 48.7; H, 5.3; N, 2.0; S, 26.9
I.r. bands (v ): 2860-3041, 1585, 1449, 1390, 1367, 1250,max
1169, 1105, 1037, 999, 869, 807, 681, 
636, 546, 476, 437, 351, 317 cm“1 
(CH2C12 solution)
N.m.r. data: 6H (220 MHz; solvent CDCl^J
standard Me4Si) 1.07 (12H, t,
4CH3-CH2-), 2.22 (9H, s, CH3 
(aromatic ring)), 2.93 (8H, q,
4CH3-CH2-), 6.71 and 7.25 (9H, m,
3 aromatic CgH3)
Tetraphenyl phosphonium tris(toluene-3,4-dithiolato)- 
antimony(V) ~ ~
Antimony trichloride (0.44 g, 1.9 mmol)
was added to a solution containing toluene-3,4-dithiol
3(0.59 g, 3.8 mmol) and triethylamine (1.1 cm , 7.6 mmol)
3in methanol (40 cm ). The resulting red solution
3
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was heated at reflux for twenty minutes. Addition of 
tetraphenyl phosphonium bromide (0.80 g, 1.9 mmol) to 
this solution resulted in immediate precipitation of the 
product as a purple solid. Recrystallisation from a 1:10 
chloroform:methanol solution provided very dark purple 
platelets, m.p. 192-193°C.
Found: C, 58.5; H, 3.8
C45H38S6PSb re9uires c ' 58.5; H, 4.1
I.r. bands (v ): 1587, 1260, 1108, 1042, 1000, 874,max
803, 691, 637, 540, 480, 442, 355,
321 cm 1 (Nujol)
N.m.r. data: 6H (220MHz, solvent CDCl^, standard
Me^Si) 2.13 (9H, s . CH  ^ (aromatic 
ring)), 6.58 and 7.11 (9H, m,
3 aromatic CgH^), and 7.5-7.8 (20H, m,
4C6H5)*
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CHAPTER 6
COMPLEXES OF PENICILLAMINE AND 
DIMERCAPTOSUCCINIC ACID WITH 
GROUP (VB) ELEMENTS
6.1 INTRODUCTION
Chemotherapeutic Agents used in the Treatment of 
Bilharzia
The main chemotherapeutic agent has been 
potassium (sodium) antimonyl tartrate or tartar emetic 
[Sb(III) (OOC.CH(O) .CH(O) .COO)]2-K+ (Na+) , but there is 
an accompanying high level of toxicity. However, recent 
work has suggested that simultaneous administration of 
¡¿-penicillamine and tartar emetic reduces the toxicity 
of the latter without affecting its parasitic activity.
Because tartaric acid exhibits three isomeric
forms (d, l, and meao), the 2:2 bridged complex formed
between antimony(III) and tartaric acid can have six
isomers (dd, ll, d-meso, l-meso, dl, and meso-meso).
For this reason, the complex has been the subject of
205-212numerous crystallographic investigations . In
tartar emetic, the complex exists as antimony tartrate 
dimers:
O o
The environment around the antimony approximates to a 
distorted trigonal bipyramid with the stereochemically 
active lone pair occupying an equatorial position.
212
o
o
Other chemotherapeutic agents include:
(a) Sodium antimony bis(pyrocatechol-3,5-sodium-
disulphonate) known as Stibophen(Fuadin)
(b) Lithium antimony thiomalate (Anthiomaline) 
COOLi
SbfS-CH
ICOOLi
.9H20
(C) Sodium antimony gluconate (Trioatam Taag) 
gluconic acid:
H
IHOOC -+ C ■+
IOH
c h 2oh
J4
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(d)
(e)
Antimony thioglycolamide
Sb(S-CH2-CONH2)3 
Antimony sodium thioglycolate 
Sb(S-CH2-COONa)3
(g)
(f) Sodium antimony dimercaptosuccinate
(Astiban Stibocaptate, TWSb)
Piperazine diantimonytartrate (Bilharoid)
Our attempts to prepare a sulphur-bound antimony(III)
compound similar toFuadin have been described in the 
preceding chapter. In this chapter we describe the 
reactions of antimony(III) and (a) dimercaptosuccinic 
acid (b) d,l penicillamine.
Penicillamine
Reactions of penicillamine (I) and other sulphur 
containing amino acids with both transition and non­
transition metal elements have been of great interest 
mainly because of the potential of these ligands as 
chelation therapeutic agents in the treatment of heavy
metal poisoning. d-Penicillamine already finds use in
213the treatment of heavy metal poisoning . Structural
Cr ( I I I )  2 2 8; T e ( I V ) 2 2 9  j P t ( I I ) 2 3 0; Au ( I ) and Ni ( I I ) 231;
with penicillamine and related ligands, have provided 
much information regarding the chelation properties of such 
systems.
studies of Hg(II) 
Cu(I) and Cu(II)2
2 1 4 - 2 1 66 j M o ( V ) 2 1 7 ; P b ( I I ) 2 
j P d ( I I ) 2 2 3 » Co ( I I I )221,222 2 2 4 - 2 2 7
as well as spectroscopic studies of Sn(IV) 2 3 2 , 2 3 3
214
I
The ligand penicillamine (I) can coordinate to a metal 
via (N)-, (S)- and (O)-sites as seen in the structure
of K[Co(III)d-pen,l-pen].2H20227:
IThe ligand penicillamine (I) can coordinate to a metal 
via (N)-, (S)- and (O)-sites as seen in the structure
of K[Co(III)d-pen,i-pen].2H20 :
H
l -penicillamine d-penicillamine
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6.2 REACTIONS INVOLVING PENICILLAMINE
Consideration of Ligand Sites
The electrochemical titration of penicillamine
shows the presence of three ionisable centres with pKa
234values 1.8 (carboxyl), 7.9 (amino) and 10.5 (thiol)
We have investigated the effect of pH on the 1H n.m.r. 
spectrum of «¿-penicillamine. The natural pH of a solution 
of «¿-penicillamine in DjO is oa. , 5.4, hence the -COOH 
proton was completely ionised at this stage. An increase 
in pH over the range 5.4-10.8 resulted in further 
deprotonation of the -NH^ and -SH centres as shown by 
the *H n.m.r. spectrum (see Table 6.5.1).
Both sets of -CHj protons as well as the -C-H 
proton showed increased shielding (upfield shift) with 
increasing pH of solution. The -C-H was more affected 
because of its closeness to the region of increased 
electron density. Both d- and Z-penicillamine showed similar 
*H n.m.r. behaviour with varying pH.
Reactions with Sb(III) and As(III) Compounds
(a) Antimony potassium(+)-tartrate with ¿-penicillamine:
No reaction was found between antimony potassium( + )-
tartrate and ¿-penicillamine in aqueous solutions.
(b) Antimony(III)oxide with «¿-penicillamine:
The treatment of aqueous solutions of antimony (III) oxide with 
«¿-penicillamine at pH 7.9 resulted in an insoluble yellowish- 
brown solid after two days of heating at reflux. The 
i.r. spectrum identified this solid as Sb2S3 (by comparison
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Table 6.5.1 Effect of pH on *H n.m.r. spectrum of
d-penicillamine
ÔH p.p.m. (220 MHz, Solvent D2O , 
standard (CH3)3Si(CH2)3S03Na.xH20)
PH -CH3 -c h 3 -CH
5.4 1.47 1 .56 3.69
GO 1.32 1.55 3.42
10.8 1.21 1.47 3.13
Table 6.5.2 *H n.m.r. spectra of a penicillamine
solution treated with successive quantities 
of NaAs02- 6h p-p.m. (220 MHz, Solvent 
D2O, Standard (CH3)3s!(CH2)3S03Na.xH20)
Starting with d-penicillamine at pH 10.8
-c h3 -c h 3 -CH
First addition 
of NaAs02
1.31 1.54 3.38
Second 1.35,1.33, 1.28 1.50,1.56 3.41,3.34
Third 1.35,1.33, 1.27 1.50,1.57 3.33,3.25
Saturation 1.35,1.31, 1.25 1.48,1.55 3.30,3.20
After 10 weeks 1.35,1.33, 1.27 1.49,1.56 3.35,3.25
Starting with ¿-penicillamine at pH 12.5
First addition 1.19 1.42 3.02
Second and 1.22 1.33 3.05
Third
Saturated 1.35,1.29 1.52 3.24,3.28
After 8 weeks 1.35,1.31,1.27 1.50,1.55 3.32,3.25
217
with the i.r. spectrum of an authentic sanple).
(c) Sodium arsenite with d-penicillamine:
Direct addition of aqueous NaAs02 and d-penicillamine 
at pH 10.5 gave a solution which, on evaporation, yielded 
the arsenic(III) complex [Na] [As . Pen2 ] .HjO as a glassy 
solid. The complex was recrystallised from methanol.
CH,
Na As02 ♦ 2HjC— C-------C-COOH [Na ] [ As(pen)2 ] • H20 .H20
SH NH2
The 1H n.m.r. spectrum of the product shows major singlets
at 6 1.46, 1.62 and 3.52 for the two -CH3 groups and
H-C(NHj)-COO respectively. Along with these, there are
much smaller singlets (^  10% the height) at 6 1.35, 1.56 and 3.35. At
first it was thought that d-penicillamine had isomerised
to give partly d- and partly 1-penicillamine complexes
227as observed for cobalt(III) . The treatment of either 
d- or Z-penicillamine with successive quantities of NaAsOj 
(see Table 6.5.2) showed similar 1H n.m.r. developments.
No satisfactory explanation of these small peaks has 
been obtained.
The i.r. spectrum of the complex shows a strong,
broad, band at 3500-3100 cm 1 with contributions from
HjO present in the lattice as well as contributions from
v(N-H) bands of d-penicillamine. Other assignments follow
229those of Franklin, Howard-Lock and Lock (see Experimental).
(d) Antimony trichloride with d-penicillamine:
D-penicillamine in methanol was treated with stoichiometric 
quantities of sodium methoxide prior to the addition of 
antimony trichloride. A homogeneous solution was
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obtained which on evaporation gave a water soluble solid. 
An aqueous solution of this solid gave a positive test 
for halogen but the expected [Na][Sb (pen) ^  could not be 
isolated from the mixture.
Proposed reaction:
i I
2H3C - C — C-COOH ♦ ANaOMe
CH3 H c h 3 hI I
I I 2H C - C  —  C -C O O ' Na ♦ AMeOH
SH NH2 S' Na NHji - .. ♦ 1
SbCl3
[Na][Sb(pen)2] »3NaCI
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6.3 REACTIONS INVOLVING DIMERCAPTOSUCCINIC ACID
(DMSA) HOOC.CH(SH).CH(SH)COOH
DMSA bears a close resemblance with tartaric
acid in that the two -SH groups in DMSA are replaced
by -OH groups in tartaric acid; hence reactions observed
with tartaric acid might be expected to take place with
DMSA. In the first place the preparation of antimony(III)
tartrate is achieved by heating at reflux an aqueous
suspension of Sb2C>3 with KHC^H^jOg in an acidic medium 
235(oxalic acid) . Under analogous conditions, the reaction 
between DMSA and SbjO^ gave a yellow solid which was 
characterised by infrared spectroscopy as SbjS^. The 
same product was also isolated from the reaction between 
Sb2°3 an<^  DMSA under alkaline conditions.
The Reaction between DMSA and Antimony trichloride
Two products were isolated from the reaction 
between DMSA and SbCl3 In methanol:
f V
HjCOOC — C —  C—  COOCHj (A )
J . , , j . ,  , rap 92°
SbCl, ♦ DMSA
Sb(CH3C O O C C H (S )C H (S )C O O )2 (B )
rap 196°
Product (A) is a colourless crystalline solid, 
readily soluble in CHCl^ and CH2C12 and has been 
characterised as the methyl ester of DMSA. The *H n.m.r.
2 2 0
spectrum shows a methyl singlet at 6 3.8, a multiplet at 
6 3.65 (H-C), and another multiplet at 6 2.38 due to the 
S-H protons. In a spin-decoupling experiment, 
irradiating at 6 2.38 gave a singlet at 3.65 and 
irradiating at 6 3.65 gave a singlet at 6 2.38 showing 
that the splitting patterns of these two sets of protons 
are due to mutual coupling with one another. The proton 
integral ratio suggests diester formation in agreement 
with mass spectral data (see Experimental). Shaking 
the CDC13 solution of product (A) with a drop of 
resulted in the diminishing of the resonances at 6 2.38 
and a much simpler pattern at 6 3.65 showing that the 
resonance at 6 2.38 is indeed due to S-H protons. The 
i.r. spectrum shows a prominent, sharp v (S-H) band at 
2550 cm-1 and a fairly broad carbonyl band v (C-O) at 
1730-1715 cm-1.
Product (B) (m.p. 196°) analyses as a 1:2 antimony
methyl ester derivative. It was insoluble in all the 
common organic solvents and we were unable to obtain any 
solution spectra. The i.r. spectrum (Nujol mull) shows 
no v(S-H) bands but there are two strong well-resolved 
bands in the carbonyl region (1690, 1735 cm 1).
Proposed structure:
H
COOMe/
C — S
3 ©
/  \ /  
H —  C - S  - S b -
\  /  '  
C — 0 s
//0
\
S — C — H
/
— c
'  N COOMe H
221
<v. 4 R2ACTIOWS :?1'/Q1-VIMG TH2 * ?>A?Z£ ’ CAT I OK IC S?SCI£S
£¿i* SOLVATE
Fellog and Matwiyoff ^ J * have reported the removal 
of all chloride from MClj (M = As, Sb) by the treatment 
of MCI^ with AgClO^ in a coordinating solvent such as 
H,M-dimethylformamide (DMFj . This resulted in the formation 
of the simple cations Sb3+ and AsJ* solvated by DMF which 
were isolated as the anhydrous salts [As (DMP^ [(CIO^) and 
(Sb(DMP)^((C10j) These results suggested to us that 
such species might turn out to be suitable precursors 
in the synthesis of both antimony(III)-penicillamine and 
antimony(III)-DMSA complexes. Rather than be exposed to 
the dangers of perchlorate, other non-coordinating 
counter-ions were favoured.
(a) Reaction of SbCl, with Silver Hexafluorophosphate, 
AaPF6
The addition of a solution of SbCl^ in tetra- 
hydrofuran (THF) to a THF solution of AgPFg caused the 
immediate precipitation of AgCl. The Sb^+ product 
could not be isolated because the whole solution formed 
a colourless jelly-like solid which was not soluble in 
any common organic solvents, (possibly a THF polymer).
THFAgPF, + SbCl.. ---- ► AgCll + Intractable glass
(THF polymer)
(b) Reaction of SbCl., with Silver Tetra-fluoroborate, 
AgBF4
The addition of a THF solution of SbCl^ to a
2 2 2
THF solution of AgBF^ resulted in immediate precipitation 
of AgCl which was filtered off. Addition of stoichiometric 
quantities of dimethylsulphoxide (DMSO) to the resulting 
solution gave a colourless crystalline solid which was 
extremely hygroscopic. The hygroscopic nature of the 
DMSO compound is in keeping with the observations of 
Kellog and Matwiyoff23® on their Sb(DMF)g(CIO^)3 system. 
Efforts to characterise this DMSO product further are 
now underway.
penicillamine gave a clear colourless solution. Tetra- 
phenyl phosphonium bromide (Ph4PBr) was added to this 
solution to precipitate out the expected [Sb(pen)2l 
ion, i.e .
Treatment of the THF solution of Sb3+ with
SbCl3 ♦ 3AgBF; -Ü£-> Sb(BF, )3 ♦ 3AgCI
2 d-penicillamine
c - s  0 - C
/ \ / \
\  / \  / 
C - 0  s
/
Ph4P
©
Ph4PBF4
0
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The precipitate that was isolated from this reaction 
was recrystallised from DMSO. Much to our embarrassment 
an X-ray crystal structural determination has revealed 
that the precipitate is in fact Ph^PBF^ and not the 
expected [Ph4P][Sb(pen)21•
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6.5 EXPERIMENTAL
1. The Reaction of NaAsO  ^with d -Penicillamine
An aqueous solution of NaAsC>2 (0.29 g, 2.2 mmol) 
was added to an aqueous solution of d-penicillamine (0.67 g, 
4.49 mmol). A clear solution with a slight red tinge was 
obtained. The solution was slowly evaporated to give a 
glassy solid which was recrystallised from methanol to give 
colourless needle-shaped, crystals of Na(AsPen2).H2<5.
Found: C, 28.56; H, 4.69; N, 6.48, c10H20N2°5S2AsNa
requires C, 29.27; H, 4.87; N, 6.83%)
N.m.r. data 6h (220 MHz; solvent CD^OD; Standard
Me4Si) 1.46 (3H, s, Me), 1.62 (3H, s, Me),
3.52 (1H, s, H-C(NH2)-COO-)
Selected i.r. absorptions: (Nujol mull) v 3500-3100 s,brmax
(H20, N-H), 1612 (-COO) 1588 (6 NH2 )
425 (As-N), 395 (S-C-CN), 270 (As-S) cp'1.
2. The Reaction between SbCl  ^and d-Penicillamine
A methanol solution of SbCl^ (0.37 g, 1.6 mmol) 
was added to a methanol solution of sodium methoxide 
(0.355 g, 6.5 mmol) and d-penicillamine (0.489 g, 3.2 mmol). 
The clear colourless solution that resulted was allowed to 
stand for 15 hours. Some of the methanol was evaporated off 
in v a o u o . The white precipitate that came out gave a 
positive test for chloride (AgNO-j) . Further evaporation 
gave another white solid.
I.r. absorptions: (Nujol mull) v ; 3350-3440 (H-O) ,max *
3195 (N-H), 1600 (s,br, -COO), 382, 353 
. (Sb-s, C-C-S) cm-1.
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3. The Reaction between SbCli and meso-2,3-
Dimercaptosuccinic Acid (DMSA)
A solution of SbClj (0.364 g, 1.6 mmol) in dry
omethanol 50 cm ) was added to solid DMSA (0.4 37 g,
2.4 mmol) and the mixture was magnetically stirred until 
a homogeneous solution was obtained. The solution was 
gently refluxed for 10 hours and then allowed to cool.
A white microcrystalline solid precipitated out. This 
solid was recrystallised from chloroform m.p. 196-198.
Sb(MeOOC.CH(S).CH(S).COOh)2
Found: C, 24.41; H, 2.16; Sb (A.A), 23.88
*"10^12^8^4^^ requires C, 23.53; H, 2.54; Sb, 23.73 
I.r. absorptions: (Nujol mull) vmax 1738, 1690, 1325, 1207, 
1070, 1020, 980, 885, 800, 641, 497, 404,
381, 360, 349, 330, 270 cm“1.
The remaining solution was slowly evaporated to 
yield a crystalline colourless solid. Chromatography on 
silica gel with chloroform as eluant yielded the pure 
crystalline methyl ester (CH-jOOC-CH-SH) 2.
Found: C, 34.60; H, 4.80%, M (mass spectrum), 210
CgHjqO^Sj requires: C, 34.28; H, 4.76; M, 210.
I.r. absorptions: (Nujol mull) ^max 2550, 1730-1710, 1313, 
1255, 999, 929, 874, 790, 710, 618, 528,
387, 339, 250 cm“ 1.
6h (220 MHz; Solvent CDC13; Standard Me4Si)
2.38 (2H, m, -S-H), 3.65 (2H, m, -C-H),
3.81 (6H, s, -0-CH3).
N.m.r. data:
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4. The Reaction of SbCl  ^ + AgPFg in THF
A solution of SbClj (0.29 g, 1.27 mmol) in THF 
('v 30 cm3) was added to a solution of AgPFg (0.965 g,
3.8 mmol). The white solid that immediately precipitated 
out was filtered off, dried and weighed. The solution 
was allowed to stand for 12 hours after which it had 
become a clear colourless jelly-like solid. This solid 
was insoluble in most solvents.
5. The Reaction of SbC^ with AgBF^
A solution of SbCl3 (0.31 g, 1.36 mmol) in THF 
(^  10 cm3) was added to a solution of AgBF4 (0.796 g,
4.09 mmol) in THF (^  20 cm3). AgCl which precipitated out 
was immediately filtered off, dried and weighed (0.516 g,
3.6 mmol). DMSO (0.58 cm3, 8.1 mmol) was added to the 
solution. Boiling resulted in the separation of two 
colourless layers. Slow evaporation of THF in vacuo 
resulted in a colourless oil which was allowed to stand 
and crystals started to grow in the oil over several days.
The crystals were extremely hygroscopic and decomposed to 
a black mass on exposure to air.
6. The Reaction of d-Penicillamine with Sb3+
A solution of SbCl^ (0.3151 g, 1.38 mmol) in 
THF ('v- 30 cm3) was added to a solution of AgBF4 (0.808 g,
4.1 mmol) in THF (~ 20 cm3). AgCl was filtered off the 
resulting solution and cf-penicillamine (0.4122 g, 2.76 mmol) 
was added to it. The solution was left to stand for 12 hours 
before Ph4PBr (0.579 g, 1.38 mmol) was added to the solution.
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A white solid precipitated out immediately. This solid was 
not soluble in non-coordinating solvents. However, a 
crystalline product was obtained on recrystallisation from 
DMSO. A partial determination of the crystal structure of 
this solid shows that it is in fact Ph4PAgBF4.
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APPENDIX
STARTING MATERIALS AND ANALYTICAL METHODS
(a) Starting Materials
Acetonitrile was obtained from Fisons Scientific 
Apparatus Ltd., Loughborough and prior to use, refluxed 
over CaH2 and distilled under a normal pressure of dry 
nitrogen.
Antimony trichloride (AR grade) was obtained 
from BDH Chemicals Ltd., Poole, and purified by sublimation
in vacuo.
Antimony tribromide was obtained from BDH 
Chemicals Ltd., Poole, and recrystallised from benzene prior 
to use.
Arsenic trichloride was used as supplied from 
Hopkin and Williams Ltd. , Essex.
Benzene (AR grade) was obtained from Koch Light 
Laboratories Ltd., Colnbrook Bucks. Prior to use, it 
was refluxed over CaH2 and distilled under a normal pressure 
of dry nitrogen.
Carbon tetrachloride was obtained from BDH Chemicals 
Ltd., Poole, and distilled from CaH2 under a normal pressure 
of nitrigen prior to use.
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Chloroform and Diohloromethane were obtained 
from BDH Chemicals Ltd., Poole, and refluxed over P2°5 
for two hours before distilling under a normal pressure 
of dry nitrogen.
Diethyl ether was obtained from BDH Chemicals 
Ltd., Poole, and stored over Na wire.
Dimethyl sulphoxide (DMSO) was obtained from 
Fisons Scientific Apparatus Ltd., Loughborough and stored 
over Linde-type 4A molecular sieves. Prior to use, it 
was distilled at reduced pressure over CaH2, discarding 
the first fraction.
Dithiooxamide was used as supplied from The 
Aldrich Chemical Co.Ltd., Gillingham, Dorset, SP8 4JL.
All deuterated solvents were used as supplied by 
The Aldrich Chemical Co. Ltd., The Old brickyard, New Road, 
Gillingham, Dorset, SP8 4JL.
n-Hexane was obtained from May and Baker Ltd., 
Dagenham and distilled from CaH2 under a normal pressure 
of dry nitrogen prior to use.
Pyridine was obtained from Fisons Scientific 
Apparatus Ltd., Loughborough and prior to use distilled 
over KOH under an N2 atmosphere.
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Tetrahyd.rofuran was obtained from Koch-Light 
Laboratories Ltd., Colnbrook, Bucks. It was refluxed 
for several hours over CaHj and then distilled over 
Na metal doped with Benzophenone prior to use.
Tin tetrachloride, Tin tetrabromide and 
Titanium tetrachloride were all obtained from Fisons 
Scientific Apparatus Ltd., Loughborough and used as 
supplied.
(b) Analytical Methods
Chlorine and Bromine were determined by the 
Volhard method . A small quantity of the test sample 
(0.1-0.3 g) was hydrolysed in concentrated HNC>3 and the 
solution made up to 100 ml. Determinations were carried 
out on 25 cm3 aliquots of the test solution which were 
titrated against standard KSCN with NH4Fe(S04>2 as 
indicator. The formation of blood-red Fe (III) (SCN) , 3_O
indicated the end point. In chloride determinations, 
nitrobenzene (^  3 cm^) was added to each test aliquot to 
coagulate the AgCl precipitate.
Antimony was determined by Atomic Absorption. 
Typically 0.07-0.15 g of sample were dissolved in dilute 
HC1, a little 1% tartaric acid solution was added to 
the flask and the solution made up to 100 cm3. The solution 
was run on a Varian AA6 spectrophotometer using an air 
acetylene flame at 217.8 nm. The spectrophotometer 
was standardised before each determination with standard
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solutions of antimony potassium tartrate (SpectrosoL 
grade, BDH Chemicals Ltd., Poole).
Tin was also determined by atomic absorption.
In this case 0.2-0.3 g of sample were dissolved in dilute 
HC1 and made up to 100 cm^. This was used as the stock 
solution from which solutions of lower concentration 
(50-100 x 10 %  cm ■*) were prepared and determined on 
a Varian AA6 spectrophotometer using an Acetylene-Nitrous 
oxide flame at 286.3 nm. The spectrophotometer was 
standarised before each determination with standard solutions 
of stannous chloride (SpectrosoL grade, BDH Chemicals Ltd., 
Poole).
Carbon, Hydrogen, Nitrogen and Sulphur were 
determined professionally by either Elemental Micro-Analysis 
Ltd., Bedworthy, Devon, or Butterworth Laboratories Ltd., 
Teddington, Middlesex.
Experimental Techniques
The majority of compounds described in this 
thesis were air/moisture sensitive and therefore necessitated 
handling under an inert atmosphere (N2) or in high vacuum.
The Dry Box
The loading of reaction vessels, and the preparation 
of samples for spectroscopic analysis was carried out in a 
steel gloved-box with a perspex front. The box was 
constantly flushed with dry nitrogen and the pressure
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inside the box was kept at a little higher than atmospheric.
The internal atmosphere of the box was dessicated by 
P205 in open dishes. Entrance to the box was achieved 
via an 'air lock' entry port, which was flushed with an 
independent supply of dry nitrogen. The box was equipped 
with electrical contacts for recrystallisation and 
distillation purposes.
The Vacuum Line
Purification and isolation of products was carried 
out using a standard all glass vacuum line. The vacuum 
was produced and maintained with a Genevac double stage 
rotary pump, type G.R.D.2 and an electrically heated 
mercury diffusion pump. With this system, a vacuum of 10 3 mmHg 
was obtainable (Figure A.l).
Solvent Drying
Solvents were dried in specially designed solvent 
still (Figure A.2) which allowed a rapid reflux, 
collection and removal of solvents under a dry nitrogen 
atmosphere. Solvents were refluxed oa. 1 hour over the 
appropriate desiccant and then collected on the sintered 
frit. Solvents were degassed either by applying a 
positive pressure of dry nitrogen at the solvent collection 
point or by freeze-pump-thaw cycles on the vacuum line or by 
merely pumping off a small fraction of the solvent in vacuo.
Product Storage
When satisfactory purity and dryness of a
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Figure A.l The Vacuum Line
Figure A.2 Solvent Still
Figure A.3
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Figure A.4
Figure A.5
Washing at the Vacuum Line
Conductivity Cell
A
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product had been achieved, the product was introduced 
into a pre-flamed glass "pig" (Figure A.3). The pig was 
then transferred to the vacuum line, evacuated and the 
atmosphere replaced with dry nitrogen. Each "leg" was then 
sealed under a normal pressure of nitrogen thus encapsulating 
the sample.
Reactions of Complexes
Reactions involving AsCl,, SbCl.,, SbBr~, SnCl,, SnBr. , 
and TiCl^
Complexes were prepared by dropwise addition of 
a solution of the ligand in a non-coordinating solvent 
(normally benzene, n-hexane, CC1., etc.) to a well stirred 
solution of the metal chloride in the same solvent, under 
a constant head of dry nitrogen. The resulting system 
was then transferred to the vacuum line and some of the 
solvent removed in vacuo. The product, if solid, was 
successively washed at the vacuum line (Figure A.4).
'Washing' at the Vacuum Line (Figure A.4)
The crude products are placed in flask A and dry 
solvent placed in flask B and the system evacuated. The 
solvent is distilled into flask A at 77 K, and when the 
flask has warmed to room temperature, the flask and 
contents are swirled around to extract any soluble 
impurities. After the contents of the flask have settled, 
the solvent is carefully decanted into flask B. This 
process is repeated until a satisfactory degree of purity 
has been attained. The insoluble product is then pumped 
in vaouo for several hours.
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Instrumentation and Physical Measurements 
Infrared Spectra
Infrared spectra (4000-200 cm 1) were recorded on 
Perkin-Elmer 580B Grating Infrared Spectrophotometer.
Solid samples were investigated as Nujol or hexachlorobutadiene 
mulls sandwiched between Csl plates. Solutions were 
investigated using Csl solution cells. Spectra in the 
400-50 cm 1 region were recorded on a RIIC FS-720 spectro­
photometer as Nujol malls held between polythene plates.
Nuclear Magnetic Resonance Spectra
Proton n.m.r. spectra were recorded on Perkin 
Elmer R34 (220 MHz) spectrometer. Tetramethylsilane (TMS) 
was used as the internal standard for organic n.m.r. 
solvents while the water-soluble , hydrated, sodium salt of 
3-(trimethyl silyl)-1-propanesulphonic acid (TSS) was 
the internal standard for DjO solutions.
Conductivity Measurements
The apparatus used is shown in Figure A.5. It 
consists of a large reservoir bulb A connected by a 
glass tube to a much smaller reservoir bulb B which 
contains the electrodes. Typically the whole cell 
was weighed and then an accurately weighed small amount 
of sample was placed in bulb A, and the apparatus 
evacuated. The appropriate solvent was then distilled 
into A at 77 K and the weight of solvent determined 
by difference. The apparatus was allowed to warm up 
to room temperature before sufficient solution was
t!
poured into cell B to cover the platinum electrodes.
The resistance was measured using a Phillips PR9500 bridge 
Further readings of resistance at different concentrations 
were taken by removing some of the solvent in vacuo and 
repeating the above procedure. The conductivity can now 
be calculated by
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1000 C
m c R m
where A = molar conductivity
C = cell constant, calculated as 0.28 cm * 
using standard 0.1 M KC1 solution
Cm = molar concentration of solute
R = resistance
The obtained conductivity values were compared with those 
for non-conducting, 1:1 and 1:2 electrolytes in the same
solvent.
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